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 Microorganisms inhabiting the soil, leaves, and grapes in vineyards influence the terroir, 
a set of environmental factors that impact wine characteristics. Previously, the main method to 
identify microorganisms was to culture on different media, but a large portion (> 99%) could not 
be cultured and were consequently unidentified. However, the emergence of new molecular tools 
has enabled further study and identification of microorganisms such as indigenous vineyard 
microbiota. The objective of this research was to investigate the phylogenetic diversity of 
Arkansas vineyard and wine microbiota using high-throughput sequencing. In terms of the 
Arkansas vineyards, the fungal and bacterial diversity of leaf, soil, and grapes of different 
varieties from experimental vineyards (one with a high tunnel/covered structure) and commercial 
vineyards were evaluated. Overall, the fungal diversity of the vineyard grape, leaf, and soil 
samples was greater in 2017 compared to 2016, while the bacterial diversity was only greater for 
grapes and leaves. The indigenous grape and leaf microbiota varied depending on the location, 
grape varieties, and year, but some microorganisms, such as Methylobacterium and 
Sphingomonas, were identified as a core microbiota and were present in all leaf samples. The 
covered structure (high tunnel) impacted the grape and leaf microbiota with distinct microbiota 
compared to the other locations (dominant fungal genera Cladosporium in grapes and leaves). 
The soil microbiota was similar between the different vineyards with a prevalence of the fungi 
Mortierella and bacteria from the Acidobacteria phylum. Dissimilarities in soil bacterial 
communities were observed mainly for the microorganisms present at a small relative abundance 
(contributing to less than 20% of the total bacterial communities). In terms of wine, the presence 
and performance of mycobiota during fermentation of two grape varieties with different sulfite 
levels and yeast inoculations were evaluated. Indigenous juice microbiota of the two grape 
varieties were similar with the two most abundant fungal genera as Podosphaera and Candida 
 
 
with dissimilarities in fungal communities’ relative abundances. Sulfite levels and yeast 
impacted the mycobiota and wine composition during fermentation. The fermentation of 
uninoculated (spontaneous fermentation) juice varieties were dominated by Hanseniaspora and 
Saccharomyces genera. This research demonstrated the phylogenetic diversity of Arkansas 
vineyard and wine microbiota as well as the impact that microbiota can have on wine production. 
Objectives 
 1. Determine the phylogenetic diversity and taxonomic identity of the indigenous 
microbiota in Arkansas vineyards using high-throughput sequencing methods 
 2. Evaluate the phylogenetic diversity and taxonomic identity of microbiota during 
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 Grapevines (Vitis spp.) are cultivated worldwide and mainly used for fresh fruit 
consumption and production of jam, jelly, wine, juice, and raisins. Over 7.4 million hectares of 
grapevines were cultivated worldwide in 2018 with five countries (Spain, China, France, Italy, 
and Turkey) responsible for 50% of the grapes grown (Organización Internacional de la Viña y 
el Vino, 2019). Over 400,000 hectares of grapevines were grown in the United States in 2017 
producing seven million tons of grapes (National Agricultural Statistics Service, 2019). 
Table grapes (Vitis vinifera) are grown throughout the world for fresh-market consumption. 
The world production of table grapes was 27 million tons in 2014, which increased 70% in the last 
15 years (FAO-OIV, 2016). China is a major contributor to world production of table grapes 
followed by India, Turkey, Egypt, and the United States. The table grape industry in the United 
States was reported to value 1.2 billion in 2018, with a majority of the production in California 
(National Agricultural Statistics Service, 2018). Production of table grapes in other U.S. regions 
is limited due to increased disease and pest pressures on the grapevines.  
Grapes grown for wine production have a global economic impact. There were 292 million 
hL of wine produced worldwide in 2019 with 10 countries (Italy, France, Spain, United States, 
Argentina, Chile, Australia, Germany, South Africa, and China) responsible for over 80% of world 
wine production (Organización Internacional de la Viña y el Vino, 2019). The United States is the 
fourth largest wine producer in the world, producing 23.9 million hL of wine in 2018.  
 Viticulture, the science of growing grapes, is important in both table grape and wine 
grape production, and the quality starts in the vineyard. There is generally a low incidence of 
health-related illnesses from consumption of table grapes. However, some fungi present on the 
grapes can produce mycotoxins that can be harmful to consumers. Various molds, such as 
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Alternaria, Aspergillus, Botrytis, Cladosporium, Penicillium, and Rhizopius genera were isolated 
from grapes (Pinto et al., 2015). Molds species, such as Aspergillus ochraceus, Aspergillus 
carbonarius, and Penicillium verrucosum, produce ochratoxin A and can be found on grapes 
(Alshannaq & Yu, 2017; Fernández-Cruz, Mansilla, & Tadeo, 2010; Lappa, Mparampouti, 
Lanza, & Panagou, 2018). Spores of the mold Botrytis cinerea, causing grey rot, can survive 
during low storage temperatures even after sulfur dioxide fumigation and can cause postharvest 
deterioration of table grapes (Gabler, Mercier, Jiménez, & Smilanick, 2010; Tournas & 
Katsoudas, 2005).  
 In terms of enology, the science of winemaking, microorganisms play a key role in 
successful wine production. The production of wine from grapes is conducted by yeasts that 
convert the sugars mainly glucose and fructose present into ethanol and carbon dioxide. The 
main yeast involved in alcoholic fermentation is Saccharomyces cerevisiae. Winemakers use S. 
cerevisiae because this yeast will complete alcoholic fermentation, produce and tolerate high 
concentration of alcohol, and produce metabolites that have a positive influence on quality of 
wine (Padilla et al., 2016; Renouf, Claisse, & Lonvaud-Funel, 2005). Many strains of S. 
cerevisiae are commercially available for the wine production. A malolactic fermentation can 
also be done as a secondary fermentation. In a malolactic fermentation, lactic acid bacteria 
(LAB), mostly Oenococcus oeni convert malic acid into lactic acid, which reduces the acidity. 
 Although S. cerevisiae and O. oeni are the two main microorganisms used for wine 
production, other microorganisms can impact wine production and quality. In fact, a majority of 
the microorganisms found in vineyards are not S. cerevisiae. Wine is a the result of complex 
biological and biochemical interactions between grapes and the different microorganisms either 
present on the grape skin (grape indigenous microbiota), the equipment during processing, or 
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added by winemakers (Fleet, 2003; Padilla et al., 2016; Renouf, Claisse, et al., 2005; Sabate, 
Cano, Esteve-Zarzoso, & Guillamón, 2002).  
 Numerous studies have been conducted on the indigenous grape microbiota using 
traditional microbiology identification methods and new molecular techniques. These studies 
identify the different bacteria and fungi populating vineyards.  
Vineyard-Associated Microbiota 
 Microorganisms inhabiting the vineyard play a crucial role in grapevine health and berry 
development. Pathogenic microorganisms have the potential to cause diseases and damage vines, 
leading to damaged berries, whereas beneficial microorganisms can contribute to plant nutrient 
intake which is necessary for vine growth and resistance to pathogens (Jacoby, Peukert, 
Succurro, Koprivova, & Kopriva, 2017). Vineyard microorganisms also contribute to wine flavor 
and characteristics. Even if most of the indigenous vineyard microorganisms cannot survive the 
fermentation, they can produce metabolites that impact the wine (Jolly, Varela, & Pretorius, 
2014; Lambrechts & Pretorius, 2000). Previously, most studies on indigenous vineyard 
microorganisms were done to evaluate vine health to ensure proper growth and production. 
Vineyard soil-associated microbiota 
 The concept of terroir relates to a set of factors that influence vine growth and fruit 
ripening and imparts unique quality to the wine. The vineyard soil is a major factor affecting the 
terroir as well as climate, grape cultivar, and vineyard management practices (Belda, 
Zarraonaindia, Perisin, Palacios, & Acedo, 2017; Castañeda & Barbosa, 2017). The soil 
structure, physical and chemical composition (e.g., pH, water, and mineral nutrients availability) 
and microbial communities greatly influence plant health (Bokulich, Thorngate, Richardson, & 
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Mills, 2014; Dixon & Tilston, 2010; Gilbert, Van Der Lelie, & Zarraonaindia, 2014; Jacoby et 
al., 2017). 
 Soil hosts an abundant and diverse microbial community. Soil is composed of viruses (up 
to 1 billion per gram of soil) (Narr, Nawaz, Wick, Harms, & Chatzinotas, 2017), bacteria (up to 1 
billion per gram of soil), archaea, protists and fungi (up to 100 million per gram of soil) 
(Bokulich et al., 2014; Dixon & Tilston, 2010). These microorganisms play crucial roles in soil 
functionality (e.g., nutrient cycling), which impacts plant health and productivity directly 
through their metabolism or indirectly through their interactions with different organisms (Belda 
et al., 2017; Jacoby et al., 2017). Microorganisms can interact with each other (production of 
chemicals, quorum sensing), interact with other organisms in the soil (e.g., nematodes), and also 
interact with grapevines through the roots (beneficial/symbiosis or detrimental/pathogenic 
interactions). Microbial communities are more diverse in the rhizosphere (part of the soil 
adjacent to the plant roots) where the exchanges with the vine’s roots occur, than in the bulk soil 
(Novello et al., 2017). Vine roots release exudates (proteins, acids, sugars and chemical signals) 
that attract the rhizospheric microbiome and facilitate initiation of symbiotic interactions with 
microorganisms (e.g., mycorrhizal fungi and nitrogen fixing symbiotic bacteria). Plants benefit 
from protection against pathogens and supply of inorganic molecules necessary for plant growth 
(D’Amico et al., 2018; Dixon & Tilston, 2010; Jacoby et al., 2017; Novello et al., 2017; Paul & 
Paul, 2015; Trouvelot et al., 2015; Zarraonaindia et al., 2015).  
 The main yeasts present in the vineyard soil are the ascomycetous yeasts Aureobasidium 
pullulans and Hanseniaspora uvarum, and the basidiomycetous yeasts Filobasidium 
capsuligenum, Cryptococcus spp., and Rhodotorula spp. These yeasts are also found on 
grapevine bark, leaves, and grapes (Gilbert et al., 2014; Mezzasalma et al., 2017; Pinto et al., 
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2014; Renouf, Claisse, et al., 2005; Sabate et al., 2002; Setati, Jacobson, Andong, & Bauer, 
2012). The cereal (wheat and barley) pathogen Gibberella zeae, its anamorph Fusarium 
graminearum, and Aspergillus spp. that produce mycotoxins harmful to humans were also 
detected in vineyard soil (Castañeda & Barbosa, 2017; Logrieco, Moretti, Perrone, & Mulè, 
2007). The presence of these pathogenic fungi can be explained by the use of cover crops 
between vines rows. Thus, it is important to study the vineyard soil microbiota to assess health 
and safety. 
 The predominant bacterial phyla in the rhizosphere found in different studies were 
Actinobacteria and Proteobacteria, followed by Bacteroidetes, Firmicutes, Acidobacteria, and 
Gemmatimonadetes. Their relative abundance is described at various rates depending on the 
studies (Castañeda & Barbosa, 2017; Longa et al., 2017; Martins et al., 2013; Novello et al., 
2017; Zarraonaindia et al., 2015). Different bacterial genera were detected in soil vineyards. 
These include Arthrobacter, Bacillus, Bradyrhizobium, Candidatus Solibacter, Clostridium, 
Conexibacter, Gaiella, Nitrospira, Rhizobium, Rhodopseudomonas and the bacterial species 
Gemmatimonas aurantiaca, Mycobacterium tuberculosis, Myxococcus xanthus, Rhodopirellula 
baltica, and Sorangium cellulosum (Castañeda & Barbosa, 2017; Longa et al., 2017; Martins et 
al., 2013; Novello et al., 2017; Zarraonaindia et al., 2015). Specific bacteria of the soil are also 
found on berries. Mezzasalma et al. (2018) found that 60% of bacterial genera was shared 
between the vineyard soil and grapes (Cabernet Sauvignon, Sauvignon Blanc, and Syrah 
varieties) growing in three different regions (Northern Italy, Italian Alps, and Northern Spain). A 
variety of grapes (Cannonau) grown in four different locations on the Sardinia island (Italy) 
hosted different bacterial species characteristic of the specific types of soil and agricultural 
management (Mezzasalma et al., 2017). For example, Cannonau grapes from the biodynamic 
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vineyard (using a spiritual, ethical-ecological approach) of the Mamoiada region were rich in 
Firmicutes including Bacillus, Lysinibacillus, and Sporosarcina that are typically found in 
manure (Mezzasalma et al., 2017). The biodynamic management in this vineyard included 
manure sprays into the vineyard soil. Cannonau grapes from a conventional vineyard in the 
Santadi locality hosted a large abundance of Rhodospirillales (14.5%), Pasteurellales (13.1%), 
and Bacteroidales (7.6%) that are usually present in granitic soil (Mezzasalma et al., 2017). The 
schists-granitic soil in this vineyard may explain the presence of these bacterial communities. 
 The vineyard soil microbiota is more diverse than the aboveground vines’ microbiota 
(Martins et al., 2013; Mezzasalma et al., 2018; Zarraonaindia et al., 2015) and contains the 
majority of the microorganisms detected on grapes, leaves, and bark. This greater diversity plus 
overlap in families detected above and belowground indicate that the soil may serve as a primary 
microbial reservoir for grapevines, enriching berries, bark, and leaf microbiota with specific 
bacteria and yeasts (Gilbert et al., 2014; Martins et al., 2013, 2012; Mezzasalma et al., 2018; 
Zarraonaindia et al., 2015). Soil microorganisms can be transmitted horizontally to the bark, 
grapes, and leaves by phytophagous arthropods (Madden et al., 2017; Mezzasalma et al., 2017) 
throughout the vine roots, from soil dust generated from mechanical soil management (e.g., 
tillage), or through rain splash and high winds (Gilbert et al., 2014; Martins et al., 2013; 
Mezzasalma et al., 2017, 2018; Zarraonaindia et al., 2015). 
 Soil health and soil microbiota impact vine health and growth and the indigenous grape 
microbiota (Zarraonaindia et al., 2015). A healthy soil, fertile, rich in nutrients and adequately 
drained, and rich in beneficial organisms will produce healthier vines and more flavorful grapes. 
Consequently, it is extremely important to understand the type of soil and its microbiota. 
Vineyard management practices (e.g., tillage, intensive mechanization, use of fertilizers, 
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pesticides, and herbicides) impact the soil and thus the composition of the rhizosphere 
microbiota (Anderson, Beare, Buckley, & Lear, 2017; Burns et al., 2016; Castañeda & Barbosa, 
2017; Jacoby et al., 2017; Longa et al., 2017; Novello et al., 2017). For example, when the 
availability of carbon is low and/or the use of fertilizers is reduced, k-strategists which are slow 
growing and require less abundant nutrients, such as Actinobacteria, overcome r-strategists’ 
growth (species that require abundant nutrients) in the soil (Novello et al., 2017).  
Grape-associated microbiota 
 Indigenous grape microbiota is extremely diverse, including a considerable variety of 
yeasts, bacteria, and some filamentous fungi. The yeast population is commonly differentiated 
into two groups, the Saccharomyces species and the “non-Saccharomyces” yeast species. The 
latter represents more than 90% of the population at harvest (Renouf, Claisse, et al., 2005). 
Surprisingly, S. cerevisiae, the principal yeast used for wine production, is either not isolated 
(Combina et al., 2005; Sabate et al., 2002) or not prevalent on grapes (only 10 to 102 CFU/g 
detected) (Barata, Malfeito-Ferreira, & Loureiro, 2012; Fleet, 2003; Pinto et al., 2015, 2014; 
Pretorius, 2000; Renouf, Claisse, et al., 2005; Setati et al., 2012). The main “non-
Saccharomyces” yeasts found on grapes in a majority of studies were the ascomycetous yeast-
like fungi A. pullulans, the oxidative ascomycetous yeast H. uvarum and its anamorphic (asexual 
reproductive stage) form Kloeckera apiculata, Metschnikowia spp., Candida spp., Issatchenkia 
orientalis, Issatchenkia terricola, Pichia spp., Cryptococcus spp., Rhodotorula spp., and 
Kluyveromyces/Lachancea spp., (Alessandria et al., 2015; Combina et al., 2005; Drumonde-
Neves, Franco-Duarte, Lima, Schuller, & Pais, 2016; Fleet, 2003; González, Barrio, & Querol, 
2007; Hall & Wilcox, 2019; Jolly et al., 2014; Padilla et al., 2016; Pinto et al., 2015; Renouf, 
Claisse, et al., 2005; Sabate et al., 2002).  
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 The prevalence of these species depends on different factors described below. Additional 
species were found solely under specific conditions such as Saccharomycodes ludwigii, 
representing 17% of the yeast population of crushed Malbec grapes from Argentina isolated with 
culture-based methods and identified with molecular methods (Combina et al., 2005). S. ludwigii 
is a wine spoilage yeast usually related to cork contamination (Combina et al., 2005; Vejarano, 
2018). Wine yeasts spoilage including Brettanomyces spp. and Zygosaccharomyces spp. were 
also reported in other studies (Alessandria et al., 2015; Barata, Malfeito-Ferreira, et al., 
2012).These highly ethanol-resistant yeasts are usually found in spoiled wine and mature and 
damaged berries (Barata, Malfeito-Ferreira, et al., 2012).  
 Various molds are isolated from grapes such as the genera Alternaria, Aspergillus, 
Botrytis, Cladosporium, Penicillium, and Rhizopius (Pinto et al., 2015). Saprophytic molds like 
B. cinerea causing grey rot or Aspergillus spp., possibly producing ochratoxin, are only active in 
the vineyard, although their metabolites may affect wine quality during grape processing (Barata, 
Malfeito-Ferreira, et al., 2012). 
 Bacterial populations that have an importance in enology and are found on grape berries 
are composed of LAB (e.g., Pediococcus parvalus, Lactobacillus spp., and Enterococcus spp.) 
and acetic acid bacteria (AAB) (e.g., Gluconobacter oxydans) (Fleet, 2003). LAB are facultative 
anaerobes and are thus hard to detect in either sound or damaged grapes and found in lower 
concentration than AAB that are obligates aerobes. AAB responsible for wine spoilage, such as 
Acetobacter spp. are found especially during the final stage of sour rot (grape disease starting 
with damaged berries that become quickly colonized by fungi and AAB) of the berries while 
Gluconobacter spp. and Gluconoacetobacter spp. are found on the surface of sound berries 
(Joyeux, Lafon-Lafourcade, & Tibereau-Gayon, 1984). O. oeni, the main LAB used during 
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malolactic fermentation is rarely found in the vineyard (Bae, Fleet, & Heard, 2006; Barata, 
Malfeito-Ferreira, et al., 2012; Pinto et al., 2015, 2014). One possible explanation is that O. oeni, 
such as S. cerevisiae, is difficult to isolate in the laboratory particularly using culture-based 
methods and requires specific media suitable to its needs. Another explanation is that other 
species outcompete these species in the vineyard (Bae et al., 2006). Other bacterial species 
isolated from berries include Arthrobacter sp., Bacillus spp., Burkholderia vietnamiensis, 
Curtobacterium sp., Enterobacter spp., Frigoribactrium spp., Klebsiella sp., Massillia sp., 
Methylobacterium spp. Microbacterium spp., Pantoea sp., Pseudomonas sp., Rhodococcus sp., 
Serratia spp., Sphingomonas spp., Staphylococcus spp., Streptomyces sp., (Martins et al., 2012; 
Nisiotou, Rantsiou, Iliopoulos, Cocolin, & Nychas, 2011; Renouf, Claisse, et al., 2005; 
Zarraonaindia et al., 2015). Most of these species do not have the ability to grow in wine with the 
exception of Sphingomonas spp. and Methylobacterium spp. (Zarraonaindia et al., 2015), and 
specific species of Enterobacter (E. ludwigii) (Nisiotou et al., 2011), which can survive the wine 
fermentation process. However, they are found in the vineyard environment (soil and leaves) 
(Barata, Malfeito-Ferreira, et al., 2012) and thus their presence can contribute to wine terroir 
(Pretorius, 2000). 
 Barata et al. (2012) classified indigenous grape microbiota into three different groups 
according to their similar behavior on grape berries. The first group is composed of oligotrophic 
(organisms capable of growth in an environment with low levels of nutrients), oxidative 
basidiomycetous yeasts, the yeast-like fungi A. pullulans, and LAB (e.g., Lactobacillus spp. and 
O. oeni). Yeasts present in this group only need low levels of nutrients for their growth and can 
be found in all vineyard environments (soil, leaves, and on sound berries).  
10 
 
The second group is composed of copiotrophic (organisms requiring an environment rich in 
nutrients), oxidative ascomycetes (several Candida spp.), weakly fermentative apiculate 
(Hanseniaspora spp.), film-forming (Pichia spp.), and fermentative (e.g., Candida zemplinina, 
Metschnikowia spp.) yeasts. Due to their high nutrient requirement, species belonging to this 
group are found mainly during grape ripening, when the berry surface increases, and the berries 
start to be damaged and release some nutrients. The last group is composed of copiotrophic 
strongly fermentative yeasts (Saccharomyces spp., Torulaspora spp., Zygosaccharomyces spp., 
Lachancea spp., and Pichia spp.) and the obligate aerobic AAB (Gluconobacter spp., 
Gluconoacetobacter spp., and Acetobacter spp.). Species belonging to this group are present in 
damaged grapes that release a high quantity of juice providing nutrients for their growth.  
 This indigenous grape microbiota is influenced by and will vary with different factors 
such as the type of grape (i.e., health, development stage, and variety), climactic conditions (i.e., 
temperature, humidity, and ultraviolet (UV) light exposure) and viticultural practices (e.g., 
pruning, thinning, and pesticides sprays) (Barata, Malfeito-Ferreira, et al., 2012; Campisano et 
al., 2014; Drumonde-Neves et al., 2016; Martins et al., 2012, 2014; Nisiotou et al., 2011; 
Portillo, Franquès, Araque, Reguant, & Bordons, 2016; Sabate et al., 2002). 
Berry development stage  
 There are three stages of grape berry development that include Stage I (fruit set with cell 
division of berries), Stage II (lag phase with a pause in berry growth while seeds embryos form 
and grow), and Stage III (veraison when berries change color, soften, accumulate sugars, and 
metabolize acids). The grape microbiota varies, and its abundance increases throughout the berry 
development stages, with the highest concentration of both yeast and bacteria occurring when the 
grape is fully mature (Barata, Malfeito-Ferreira, et al., 2012; Martins et al., 2012, 2014; Renouf, 
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Claisse, et al., 2005). Yeast concentration detected on immature berries is usually small (10 to 
103 CFU/g) but can reach 103 to 106 CFU/g at harvest (Combina et al., 2005; Fleet, 2003; Liu et 
al., 2017; Renouf, Claisse, et al., 2005; Setati et al., 2012). This microbial increase can be 
explained because the size of the berry extends during ripening and thus the surface available for 
bacteria and yeasts increases, providing microorganisms access to further nutrients (Renouf, 
Claisse, et al., 2005). A change in the type of yeast species inhabiting the berries is also 
observed. The main yeast detected on immature berries until veraison is A. pullulans, 
representing usually more than half of the yeast population, followed by the basidiomycetous 
yeasts Cryptococcus spp. and the teleomorph (sexual reproductive form) Filobasidium spp., 
Rhodotorula spp., and Sporobolomyces spp. (Renouf, Claisse, et al., 2005; Setati et al., 2012). 
These non-fermentative yeasts are considered natural inhabitants of the grapes, leaves, bark, and 
soil in vineyards (Barata, Malfeito-Ferreira, et al., 2012; Setati et al., 2012). They are non-
fermentative yeasts (most species of Filobasidium) and cannot survive in wine, and thus were 
considered irrelevant to winemaking (Setati et al., 2012). However, they are useful in preserving 
the unique oenological characteristics of wine producing regions (Pretorius, 2000).  
 Renouf et al. (2005) observed that A. pullulans was mainly detected at berry set and 
drastically decreased after veraison and were irrelevant at harvest (Renouf, Claisse, et al., 2005). 
It was presumed that berry development influences A. pullulans growth. However, Alessandria et 
al. (2015) detected A. pullulans in berries until the end of withering (berries become dehydrated), 
indicating that the maturity of berries did not significantly influence the presence of yeast-like 
fungi on the grapes. Moreover, Agarbati et al. (2019), found A. pullulans with H. uvarum, the 
most widespread yeast species at harvest, in two varieties of grapes, Verdicchio and 
Montepulciano in Italy. They observed that the fungicide sprays on the vines had a positive 
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impact on A. pullulans growth. A. pullulans is less susceptible to treatment than other fungi and 
can outcompete them (Agarbati, Canonico, Ciani, & Comitini, 2019). 
 Following veraison, a switch in yeast community is often detected from the non-
fermentative yeasts to fermentative yeasts including the ascomycetous yeasts Candida spp., 
Hanseniaspora spp., Metschnikowia spp., and Pichia spp. (Renouf, Claisse, et al., 2005).  
At harvest, mainly fermentative species including Pichia spp., Candida spp., 
Zygosaccharomyces spp., Torulaspora spp., and Saccharomyces spp. are present on mature 
berries, with the non-Saccharomyces species representing more than 90% of the grape yeast 
population (Renouf, Claisse, et al., 2005). This phenomenon is explained because during its 
development the berry cuticle extends and can cause some microfissures where nutrients can 
escape allowing higher fermentative yeasts to grow. Fungal parasites are usually able to grow 
only until veraison if the berries are undamaged. After veraison the indigenous microbiota 
outcompete fungal parasites on undamaged fruit (Barata, Malfeito-Ferreira, et al., 2012). 
 The grape bacterial community also varies during berry maturation, with the greatest 
concentration of bacteria detected when the berries are fully mature (Martins et al., 2012). As the 
grapes ripen, the percentage of Gram-negative bacteria decreases, whereas the percentage of 
Gram-positive bacteria increases (Martins et al., 2012). Bacterial counts on grapes are usually 
smaller than yeast counts at harvest, approximately 103 CFU/g for aerobic Gram-negative 
bacteria (including AAB), 104 CFU/g for anaerobic Gram-positive bacteria (including LAB) 
compared to 105 CFU/g for yeasts (Renouf, Claisse, et al., 2005). The percentage of LAB 
increases after veraison, reaching a peak at harvest (Renouf, Claisse, et al., 2005).  
Martins et al. (2012) found that the most common bacterial genera found on berries were 
Pseudomonas (30-50%) and Micrococcus (14-21%), and that their prevalence was dependent on 
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the berry development stages. Pseudomonas was mainly detected at the first berry maturation 
stages (beginning of ripening and veraison) and declined till full maturation. In contrast, the 
percentage of Micrococcus increased as the berry ripened (Martins et al., 2012).  
Berry health 
 As mentioned previously, the indigenous grape microbiota will also vary depending on 
the quality of the grapes. Indeed, when the grape skin is damaged, the sugars present in the 
berries are released through the lesions and become available for the microorganisms 
surrounding the grapes (Fleet, 2003; Sabate et al., 2002). Both yeast number and species 
diversity increase on damaged berries (Barata, Malfeito-Ferreira, et al., 2012). The microbiota of 
injured grapes can reach more than 106 CFU/g, with copiotrophic yeast species becoming a 
majority, such as Hanseniaspora spp. (Kloeckera spp.), Candida spp., Pichia spp., 
Metschnikowia spp., Zygosaccharomyces spp. and Saccharomyces spp. (Barata, Malfeito-
Ferreira, et al., 2012; Fleet, 2003; Sabate et al., 2002). Hanseniaspora/Kloeckera spp., Candida 
spp., Pichia spp., and Metschnikowia spp. are usually found at low concentrations on undamaged 
berries but increase rapidly on injured grapes (Fleet, 2003; González et al., 2007). A 10-fold 
increase has been reported and often appears localized in areas of the grape surface where juice 
escaped (Setati et al., 2012).  
 Injured or damaged berries stimulate saprophytic molds’ growth including B. cinerea, 
Cladosporidium spp., Aspergillus and Penicillium spp. (Barata, Malfeito-Ferreira, et al., 2012). 
These molds induce grape rots such as B. cinerea (grey rot), and some may produce mycotoxins 
such as Aspergillus species producing ochratoxin. Their growth can be observed on injured 
berries within dense bunches (where air circulation between berries is limited) or on the grape 
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surface. The spores these molds produce are disseminated throughout the vineyard and germinate 
at an optimal temperature and humidity.  
The growth of other molds which induce grape diseases such as the oomycete Plasmopara 
viticola, which is responsible for downey mildew, and the ascomycetes Erysiphe necator 
(powdery mildew), Elsinoë ampelina (anthracnose), Guignardia bidwellii (black rot) and 
Pseudopezicula tracheiphila (rotbrenner) is primarily determined by the weather conditions (i.e., 
temperature and humidity) rather than by berry health condition.  
 Bacterial populations are usually several orders of magnitude smaller than those of yeasts 
in undamaged grapes. LAB detected on sound berries is less than 102 CFU/g and does not 
increase significantly when berries are damaged. On the contrary, AAB populations increase 
from less than 10 CFU/g to 105-106 CFU/g (Barata, Malfeito-Ferreira, et al., 2012) from healthy 
to damaged/rotten grapes. Gluconobacter spp., Gluconoacetobacter spp., and Acetobacter spp. 
species become the main AAB detected (Barata, Malfeito-Ferreira, et al., 2012). However, 
Nisiotou et al. (2011) found comparable AAB counts (105 to 106 CFU/mL) in sound berries and 
berries with grey rot. 
Climatic conditions  
 Climatic conditions including rainfall, temperature, UV light and wind directly and 
indirectly influence vineyard microbiota (Barata, Malfeito-Ferreira, et al., 2012; Bokulich et al., 
2014; Combina et al., 2005; Renouf, Claisse, et al., 2005). For instance, an increase in 
temperature and humidity alters the berry microbiota and promotes pathogenic fungi spread. 
These fungi may include the oomycete, P. viticola, and the ascomycetes E. ampelina, E. necator, 
G. bidwellii and P. tracheiphila (Barata, Malfeito-Ferreira, et al., 2012). Rainy conditions, 
especially near harvest time, are related to an increase in the total yeasts count, mainly 
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copiotrophic oxidative yeasts (e.g., H. uvarum, Metschnikowia pulcherrima) and mold 
proliferation. The action of rain on the surface of the berries induces the exosmosis of juice to the 
surface and thus causes an increase in available nutrients (Combina et al., 2005; González et al., 
2007). Setati et al. (2012) observed that grapes growing in a same row of vines are exposed 
disparately to sunlight and that the incidence of sun exposure affects the presence and proportion 
of basidiomycetous pigmented yeasts Rhodotorula spp., Rhodosporidium spp., and 
Sporobolomyces spp. 
Grape varieties and vintage  
 The grape microbiota varies between grape cultivars and can vary from one year to 
another for the same cultivar (Bokulich et al., 2014; Sabate et al., 2002). Sabate et al. (2002) 
analyzed the fungal population of two red varieties of grapes (Garnacha and Carinyena) from 
two vintages (1995 and 1996). They observed that the main yeasts present on the grapes were 
different between the two varieties and from one year to another. The main yeast detected on the 
Carinyena grapes harvested in 1995 was the apiculate yeast H. uvarum, whereas the main yeasts 
from the 1996 vintage were Candida zeylanoides and A. pullulans. Cryptococcus sp. and A. 
pullulans were the main yeasts detected on Garnacha grapes from the 1995 vintage, whereas A. 
pullulans was the only yeast detected on the grapes harvested in 1996. 
Location 
 Grapes growing in different regions share a common bacterial population. Mezzasalma et 
al. (2017) discovered a bacterial core composition of Cannonau berries sampled at four different 
localities in Sardinia, Italy. The bacterial core was characterized by the orders Enterobacteriales 
(19.5%), Pseudomonadales (17.5%), Bacillales (11.8%) and Rhodospirillales (8.8%). Most 
abundant taxa of Cannonau berries were Dothioraceae (Aureobasidium, 49.86%), Pleosporaceae 
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(Alternaria, 18.43% and Pleospora, 6.63%) and Saccharomycodaceae (Hanseniaspora, 17.63%). 
The proportion of these families varied among locations where they occurred (Mezzasalma et al., 
2017). Moreover, in 2018, they also discovered that different grapes varieties (Cabernet 
Sauvignon, Syrah, and Sauvignon Blanc), sampled in different countries (Italy and Spain), share 
some bacterial genera such as Bacillus, Methylobacterium, Sphingomonas, and other genera 
belonging to Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria (Mezzasalma et al., 
2018). 
 Although grapes from different locations host common bacterial populations, they also 
carry specific microbial communities that depend on the vineyard/region in which they grow, in 
particular from the soil that represents a primary reservoir for the grape associated bacteria 
(Mezzasalma et al., 2018). These microbial communities represent the specific grape growing 
region/wine appellation and are thus involved in the distinct terroir signature (Bokulich et al., 
2014; González et al., 2007; Mezzasalma et al., 2018; Pinto et al., 2015). 
Interaction with other vineyard’s organisms 
 Animals, such as raccoons, deer, birds, dogs, and arthropods inhabiting vineyards carry 
yeasts and bacteria that can be easily transferred to the vines (Barata, Malfeito-Ferreira, et al., 
2012; Madden et al., 2017). Indeed, several studies demonstrate that the microflora of some of 
these vineyard inhabitants present similarity with the indigenous grape microbiota (Mezzasalma 
et al., 2018; Nisiotou et al., 2011; Setati et al., 2012). This microbial transfer can be particularly 
harmful when berries are damaged, and the microorganisms transferred can develop inside the 
berries and induce grape diseases (Madden et al., 2017; Renouf, Claisse, et al., 2005). A good 
example is grape sour rot disease that starts with berry damage by insects such as drosophila 
(fruit flies) or social wasps, followed by the infection of the damaged berries by AAB, yeasts, 
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and filamentous fungi already present on berries or transferred by the insects. As a result, the 
rotting berries produce high amounts of undesirable volatile acidity and negatively impact wine 
flavor (Madden et al., 2017). 
Impact of vineyard management practices 
 Farming practices (agrochemical applications, viticultural practices) impact the vineyard 
microbiota (Agarbati et al., 2019; Campisano et al., 2014; Cordero-Bueso et al., 2011; Döring, 
Collins, Frisch, & Kauer, 2019; Martins et al., 2012, 2014; Morrison-Whittle, Lee, & Goddard, 
2017; Setati et al., 2012). Differences in microbial communities are noticed between biodynamic, 
Integrated Pest Management (IPM), organic, and conventional vineyards (Cordero-Bueso et al., 
2011; Martins et al., 2012, 2014; Morrison-Whittle et al., 2017; Renouf, Claisse, et al., 2005; 
Setati et al., 2012) due to the number and types of insecticides, pesticides, herbicides and 
fertilizers applied (Cordero-Bueso et al., 2011; Martins et al., 2012, 2014). However, these 
different types of vineyards also share common bacterial and fungal populations such as 
Pseudomonas spp., Micrococcus spp., A. pullulans, Cryptococcus magnus, Sporobolomyces 
roseus, and Rhodotorula glutinis (Martins et al., 2012; Setati et al., 2012). 
 Martins et al. (2014) isolated a higher count of yeasts from grapes growing in organic 
vineyards than from grapes growing in conventional vineyards. This observation was correlated 
negatively with the higher copper levels from copper-based fungicide treatments in conventional 
vineyards. In their study, Aureobasidium spp. were isolated mostly from the organic vineyards 
(76-85% of the isolates), while Sporidiobolus spp. were more frequently associated with the 
conventional vineyards (56-30% of the isolates). Similarly, Morrison-Whittle et al. (2017) found 
more fungal species on berries from biodynamic than conventional vineyards. 
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 Agarbati et al. (2019), observed the impact of fungicide treatment (organic, conventional, 
and not treated) on yeast communities of Verdicchio and Montepulciano grapes. A. pullulans 
was affected positively by fungicide treatment and represented 44, 60 and 5%, respectfully, of 
the whole yeast population in organically, conventionally, and untreated Verrdichio grapes, and 
22, 45, and 10%, respectfully, of the whole yeast population in organically, conventionally, and 
untreated Montepulciano grapes. They explained that the treatment affected the other fungi by 
lowering the competition and allowing A. pullulans to outcompete the other yeasts. Organic 
treatment positively affected Cryptococcus spp. growth (absent in both untreated grape varieties, 
Verdicchio: 16% in organic and 3% conventional, Montepulciano: 7% in organic and 1% 
conventional treatments).  
Methods to sample grape microbiota 
 Different sample methods impact the level and type of microorganisms. Starting in the 
vineyard, the method of collecting grapes (e.g., bunches/berries, number of grapes/berries per 
row, and berries health condition) will impact the type of microorganisms. To collect a 
representative sample of the actual indigenous grape microbiota it is better to collect berries from 
different bunches rather than the whole grape cluster. This method helps to reduce the risk of 
collecting damaged berries that can be hidden within the bunch (Barata et al., 2012). As 
described earlier, damaged berries host different types and number of microorganisms than 
sound berries. Infected berries will consequently bias the data.  
 Samples should be collected aseptically at different locations in the vineyard (Barata, 
Malfeito-Ferreira, et al., 2012; Setati et al., 2012) and rapidly transported under refrigerated 
conditions to avoid berries overheating and damaging berries and thus promoting growth of 
specific microbial species. 
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Methods to analyze the grape microbiota  
 The methods to pre-isolate the microorganisms have different efficiency of recovery. 
Combina et al. (2005) studied the efficiency of recovery from methods such as jet streaming with 
pressurized water, shaking the berries in sterile peptone water and blending bunches of grapes to 
recover the microorganisms. They observed the largest yeast counts when berries were crushed.  
 In the past, cultivation-dependent methods were the main methods to detect grape 
microbiota. Yeasts and bacteria were inoculated and isolated on specific growth media (normal 
or enriched media) usually after serial dilutions, then characterized based on their morphological 
and physiological traits, on the chemical and physical properties of their cell wall (Gram 
staining), on their enzymatic activities (e.g., Analytical Profile Index (API) test strips, Vitek 
systems), or recently on their DNA with the use of molecular methods (PCR- Denaturing 
Gradient Gel Electrophoresis-DGGE, Restriction Fragment Length Polymorphism-RFLP 
analysis) (Bokulich & Mills, 2012; Morgan, du Toit, & Setati, 2017; Nisiotou et al., 2011). 
However, only a small portion of the microorganisms can be cultivated in the laboratory (Belda 
et al., 2017; Jacoby et al., 2017) thus, the majority of the microorganisms were not detected, and 
only specific ones were selected (Setati et al., 2012). Recently, methods based on DNA 
sequencing such as Next Generation Sequencing (NGS), provide an opportunity for a wider 
spectrum of species detection (Belda et al., 2017; Bokulich & Mills, 2012; Bokulich et al., 2014; 
Morgan et al., 2017). 
Winemaking Steps 
Harvest 
            The harvest of wine grapes is dependent on the composition of the fruit and varies by 
variety and location. Key composition parameters for harvest of wine grapes include both the 
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sweetness (percent sugar) and acidity (titratable acidity and pH) attributes. The optimal harvest 
parameters for wine grapes are 20 - 25% soluble solids, 0.65 - 0.75% titratable acidity (as tartaric 
acid) and 3.2 - 3.6 pH. Grapes can be harvested by hand or mechanically depending on the trellis 
system, variety of grapes and the budget and workforce availability. The main disadvantage of 
mechanical harvesting grapes is that it does not discriminate immature, moldy or damaged 
grapes from healthy grapes or non-grape material (e.g., leaves, bird nests). The presence of 
undesired material during the grapes transportation to the winery can increase fungal growth and 
alter quality of future wines (Morris, 1983). Modern mechanical grape harvesters continue to 
improve, becoming more selective, and avoiding the incorporation of material other than grapes.  
Processing grapes 
            After harvest, grapes are quickly transported to the winery for immediate processing to 
avoid microbial contamination and oxidative browning from potentially damaged or diseased 
fruit. The grapes will then be destemmed/crushed. The destemming removes stems, grape canes, 
and leaves from the grapes. The grape stems contain phenolics and lipids that can impact the 
wine quality. Phenolics such as catechins, flavonols (e.g., quercetin), and caftaric acid, from the 
stems produce more astringent and bitter tastes than phenolics extracted from berry seeds and 
skin (Kovac, Alonso, Revilla, & Bourzeix, 1992). Leaves can also impart unpleasant aroma and 
increase phenolic compounds in wines (Herraiz, Herraiz, Reglero, Martin-Alvarez, & Cabezudo, 
1990; Osrečak, Karoglan, & Kozina, 2016). Grapes are crushed typically through a set of rollers 
to compress the berries to yield must (seeds, skins, pulp and juice). 
After crushing, winemaking steps differ depending of the type of wine produced. In general, in 
white wine production, the must obtained after crushing is pressed, then the juice is fermented. 
Whereas in red wine production, the must is fermented prior to pressing. Red wine grapes are 
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typically fermented on the skins so that the anthocyanin pigments are extracted (He et al., 2012; 
Muñoz, González, Alonso, Romero, & Gutiérrez, 2009).  
Alcoholic fermentation 
            Alcoholic fermentation, also called primary fermentation, generally occurs after pressing 
for white wines, and before pressing for red wines. During alcoholic fermentation yeasts 
naturally present on grapes or added cultured yeasts convert sugars from the grapes into ethanol 
and carbon dioxide. Alcoholic fermentation conducted solely by indigenous grape yeasts often 
results in an unpredictable wine and can be prone to stuck or incomplete fermentation. The wild 
yeasts present on the grapes, the harvesting equipment, or in the winery may not complete 
fermentation because of low tolerance to initial composition of the juice or the increasing levels 
of ethanol during fermentation. 
            Wild yeasts can produce undesired by-products such as a high concentration of acetic 
acid that result in a wine with vinegar-like attributes. Sulfur dioxide (SO2) can be added to 
grapes during crushing to decrease the wild yeast populations. Winemakers typically add 
cultured yeast strains/commercial active dried strains for fermentation. The primary strains for 
fermentation are S. cerevisiae. These cultured yeast strains are selected for their ability to 
conduct the fermentation to completion, to survive at higher ethanol levels than wild yeasts, to 
compete with the other species and to consistently produce predictable wines. For alcoholic 
fermentation, yeasts need oxygen only at the beginning of fermentation, and must have enough 
nutrients (nitrogen, lipids, and vitamins) to survive. However, the main factor that influences the 
yeast metabolism and that highly affects the fermentation rate is the fermentation temperature. 
The temperature should be maintained between 8-15ºC for white wines production and between 
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24-27ºC for red wine production. Depending on the type of grape and the desired style of wine, 
the alcoholic fermentation occurs for several weeks to several months. 
Pressing 
            Pressing consists of applying a pressure to grapes or must to release juice or wine. In 
white wine production pressing is done before fermentation, whereas in red wines, pressing is 
conducted after primary fermentation. There are many different types and sizes of presses that 
can be used including basket presses, horizontal presses, and bladder presses. 
Malolactic fermentation 
            Malolactic fermentation, also called secondary fermentation, is the conversion of malic 
acid into lactic acid by specific strains of LAB. This step can be performed after the alcoholic 
fermentation to reduce the acidity of wines that contain a high concentration of malic acid, which 
can generate an unpleasant bitter taste. Malolactic fermentation also influences microbial 
stability and can impact sensory characteristics of the wine. The main LAB genera for wine 
production are Lactobacillus, Pediococcus and Oenococcus.  
            After fermentation, several clarification and stabilization steps can be used. These steps 
may include racking, fining, filtering, or the addition of preservatives. These steps are crucial for 
the elimination of microorganisms such as non-Saccharomyces yeasts and LAB that can survive 
after bottling (Renouf, Perello, De Revel, & Lonvaud-Funel, 2007). 
Racking  
            Racking allows the separation of the precipitated sediment, called lees, from the 
must/juice/wine. It has the effect of clarifying the wine, disrupting stratification in the wine and 
preventing microbial spoilage (Renouf & Lonvaud-Funel, 2004). Yeasts settle on the bottom of 
the wine barrels and are removed with the precipitated sediment during racking. Renouf & 
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Lonvaud (2004) observed a diminution of yeast communities from 103 to 5.101 CFU/mL after 
racking. They also observed that while yeast concentration decreases after racking, bacteria 
concentration increases after racking (2.105 to 2.106 CFU/mL for LAB and 7.103 to 2.104 
CFU/mL for AAB) and then go back to their initial concentration before racking and continue to 
decrease. Yeast concentration present in the lees can reach up to 105 CFU/mL. From the 200 
colonies isolated on petri dish, Brettanomyces bruxellensis (72% of the isolated colonies), S. 
cerevisiae (12% of the identified colonies), Zygosaccharomyces bailii (8%), and the genera 
Candida and Hanseniaspora were identified by PCR-RFLP. Racking is performed either 
manually by decanting wine from barrel-to-barrel or with automated tank-to-tank transfers. 
Racking is executed several times during and after fermentation. The first racking performed 
contributes to the removal of the majority of the precipitated microbial cells and grape solid 
particles. Subsequent racking eliminates most of the residual bacterial and yeast cells that have 
settled. Final racking may be used to remove additional sediment, which accumulated after 
fining steps. Racking is important for wine quality since it helps to remove yeasts such as B. 
bruxellensis, dominant in the lees/bottom of the wine barrel, which can produce volatile phenols 
(4-ethylphenol and 4-ethylguaiacol) that at high concentration impact negatively wine 
organoleptic qualities (Barata, Malfeito-Ferreira, et al., 2012; Coulon, Perello, Lonvaud-Funel, 
De Revel, & Renouf, 2010; Malfeito-Ferreira, 2011; Renouf & Lonvaud-Funel, 2004). 
Fining 
            Fining is a process in winemaking used to stimulate the precipitation of undesired 
suspended material such as proteins (causing haziness in wines), phenolic compounds-tannins 
(giving astringency and bitterness in wines), metal ions, yeast, and bacteria in wine.  
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Some of the most commonly used and permitted fining agents for wine are albumin, alginates, 
bentonite, casein, activated carbon (charcoal), chitosan, gelatin, gum arabic, isinglass, kieselsol, 
polyvinylpolypyrrolidone (PVPP), inactivated yeast, and tannins (Hickman et al., 2000; Jaeckels 
et al., 2017; López, Castro, García, Pazo, & Barroso, 2001; Marchal & Waters, 2010; Morris & 
Main, 1995; Sims, Eastridge, & Bates, 1995; Spagna et al., 1996). Fining agents may perform 
differently on the same wine, and it is impossible to precisely predict their actions on the specific 
wine produced.  
Filtering  
            Filtering allows the physical separation and retention of microorganisms and undesired 
fine particles on or within a fibrous or porous material. It is used to guarantee microbial stability, 
to polish the wine and to enhance wine clarity. Filtering can be costly and have a negative impact 
on color and flavor (Renouf et al., 2007). However, filtering is effective in removing non- 
Saccharomyces yeasts (e.g., B. bruxellensis) (1-µm grade filter) and LAB (e.g., O. oeni, 
Pedioccocus spp.) (0.4µm grade filter) that can survive after bottling (Renouf et al., 2007) and 
negatively alter wine quality (Umiker, Descenzo, Lee, & Edwards, 2013).  
Addition of chemical preservatives  
            Chemical preservatives are added during wine production to reduce microbial 
populations or to preserve color. Prior to bottling preservatives are added to prevent re-
fermentation. However, some preservatives can impact color and flavor of wine. Two types of 
preservatives are generally used at bottling, sulfur dioxide and sorbic acid. Sulfur dioxide has 
both antimicrobial and antioxidant properties. It is effective against spoilage yeast and bacteria 
whereas sorbic acid inhibits only yeast growth. Sulfur dioxide is used commonly to sterilize 




 Aging corresponds to the final stage of wine making process, which allows wine 
characteristics to improve over time. Aging is more typical with red wines to allow color and 
flavor development. A distinction is made between the first phase of aging, called maturation or 
oxidative aging, which corresponds to the various modifications occurring between alcoholic 
fermentation and bottling, and the second phase called reductive aging that starts with bottling. 
 During maturation, wine undergoes different treatments, described earlier, such as 
malolactic fermentation, clarification, racking, stabilization, and bulk storage (either in oak 
barrels, stainless steel vats, or glass carboys). Throughout these treatments wine is exposed to air, 
which allows oxygen to react with the wine components. This oxidation process has an impact 
on the wine composition and flavor. This phase lasts generally from 6 to 24 months to obtain the 
full benefit of maturation. The reductive aging starts when wine is bottled. During this phase, the 
wine is stored in a sealed bottle where no additional oxygen is introduced. Chemical reactions 
still take place during this phase that can positively alter the aroma, color and mouthfeel of the 
wine and contribute to the wine aged bouquet. Aging can improve wine characteristics, but it is 
dependent of factors starting with the variety and quality of grapes used, the vintage, viticultural 
and vinification practices, style of wine desired followed by the wine storage practices (Gómez-
Plaza, Gil-Muñoz, López-Roca, & Martínez, 2000).  
 Storage parameters such as temperature, humidity, or light, have a tremendous impact on 
aging wine and need to be controlled throughout the aging process to avoid any wine 
deterioration and spoilage (Sims & Morris, 1984). 
Storage temperature needs to be controlled and settled at a constant optimal temperature to avoid 
these temperature fluctuations. In general, the optimal temperature range for aging wine is 
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between 10°C to 15°C with 13°C the preferred temperature. These cool temperatures allow wine 
to develop complexity and aged bouquet slowly.   
The rate of oxidation depends on the initial wine characteristics, such as the pH, and the phenolic 
composition and concentration of the wine and on external factors, such as the wine cellar 
temperature. During aging tannins present in wines polymerize together or with anthocyanins to 
produce longer-size tannin polymers. As a result, wine loses in bitterness and astringency and 
gains a smooth mouthfeel. Young red wines rich in tannins will thus benefit the most from the 
aging process. 
Must and Wine-Associated Microbiota 
 In spontaneous fermentation (no yeast or bacteria inoculated by winemakers), grape must 
(juice, seeds, skins, and pulp) microbiota is mainly composed of the grape indigenous 
microbiota, including Hanseniaspora spp., Candida spp., and Metschnikowia spp. (De Filippis, 
La Storia, & Blaiotta, 2017; Di Maro, Ercolini, & Coppola, 2007; Pinto et al., 2014; Raymond 
Eder, Reynoso, Lauret, & Rosa, 2017). Most of these are not tolerant to high levels of alcohol 
and disappear during fermentation as the growth of highly fermentative organisms reshape the 
must/wine community (Bagheri, Bauer, & Setati, 2015; Mezzasalma et al., 2017; Pinto et al., 
2015). Must microbiota and their relative abundances change throughout fermentation (Marzano 
et al., 2016; Piao et al., 2015; Pinto et al., 2015; Stefanini et al., 2016) with a higher impact on 
the structure of the fungal communities than on the bacterial communities (Pinto et al., 2015). 
Musts and wines possess a unique/distinct microbial biodiversity signature that varies depending 
on the grape variety (De Filippis et al., 2017; Marzano et al., 2016), vintage (Bagheri et al., 2015; 
Renouf, Perello, Strehaiano, & Lonvaud-Funel, 2006), the wine region (González et al., 2007; 
Mezzasalma et al., 2017; Pinto et al., 2015), the viticulture practices (e.g., biodynamic, 
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conventional, integrated pest management vineyard) (Agarbati et al., 2019; Bagheri et al., 2015), 
and on the type of fermentation techniques/oenological practices used (e.g., 
conventional/spontaneous, cooling steps) (Bagheri, Bauer, & Setati, 2017; Martins et al., 2012; 
Piao et al., 2015; Raymond Eder et al., 2017; Renouf et al., 2006; Stefanini et al., 2016). These 
different factors may explain the diverse chemical profiles in wines. However, despite the 
specific genera found in different types of musts and wines, all share a common microbial core 
community (Jolly et al., 2014; Marzano et al., 2016; Piao et al., 2015). 
Fungal communities 
 The initial yeast communities in juice/must fluctuate between 104 to 106 CFU/mL and 
increase during fermentation to reach up to 107 to 108 CFU/mL (Agarbati et al., 2019; Bagheri et 
al., 2015; Lambrechts & Pretorius, 2000; Renouf et al., 2006). During the initial stages of 
fermentation, the non-Saccharomyces yeasts are predominant in the juice/must. The primary 
yeasts detected in the juice/must are non-fermentative yeasts such as A. pullulans, the 
basidiomycetous species Cryptococcus spp. and Rhodotorula spp., with fermentative 
ascomycetous species, including H. uvarum (K. apiculata), Candida spp. (Padilla et al., 2016), 
Pichia spp., and Metschnikowia spp., (Bagheri et al., 2015; Barata, Malfeito-Ferreira, et al., 
2012; De Filippis et al., 2017; Fleet, 2003; González et al., 2007; Jolly et al., 2014; Mezzasalma 
et al., 2017; Pinto et al., 2015; Raymond Eder et al., 2017; Renouf et al., 2006; Sabate et al., 
2002).  
 However, with the change in the environmental factors (e.g., increased ethanol, low 
oxygen content, decreased pH, addition of SO2, change in temperature) during fermentation most 
of the non-Saccharomyces yeasts are inhibited (Agarbati et al., 2019). The percentage of non-
Saccharomyces yeast species decreases after the first stages of fermentation (Fleet, 2003; 
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González et al., 2007; Jolly et al., 2014; Renouf et al., 2006). In the middle of alcoholic 
fermentation, H. uvarum, Candida spp., M. pulcherrima,, Pichia spp., and Rhodotorula spp., 
were detected at a smaller percentage compared to the beginning of fermentation (Agarbati et al., 
2019; De Filippis et al., 2017; González et al., 2007).  
S. cerevisiae, mainly found in the wine cellars, dominates the late stages of the fermentation and 
completes the fermentation process due to its fermentative ability, growth rate, and tolerance to 
ethanol (Agarbati et al., 2019; Bagheri et al., 2017; González et al., 2007; Mezzasalma et al., 
2017; Padilla et al., 2016; Pinto et al., 2015; Stefanini et al., 2016).  
 Most of the indigenous grape yeast genera such as Candida, Hanseniaspora, 
Issatchenkia, Kluyveromyces, Metschnikowia, and Pichia usually do not survive at an ethanol 
concentration of 3-10% (v/v). However, some species, such as B. bruxellensis, Candida stellata, 
C. zemplinina, Pichia spp., Schizosaccharomyces pombe, Schizosaccharomyces japonicus, 
Torulaspora delbrueckii, and Z. bailii, possess greater ethanol tolerance and can survive until the 
end of the alcoholic fermentation (Pinto et al., 2015; Renouf et al., 2006). Hanseniaspora 
osmophila, a cryotolerant yeast, was detected together with S. cerevisiae, during the last stages of 
spontaneous fermentation of the Italian sweet wine Santo Trentino (Stefanini et al., 2016). Its 
growth might be explained by the fact that the fermentation of Vino Santo is slow and is 
conducted at low temperature, allowing H. osmophila to survive the elevated ethanol 
concentration (Fleet, 2003; Stefanini et al., 2016).   
  If the concentration of indigenous non-Saccharomyces species is too large in the fresh 
must, a failure in yeast establishment can occur, according to Renouf et al. (2006). Competition 
between the indigenous yeasts and the commercial active dried yeast strain S. cerevisiae may 
lead to a stuck fermentation. At the end of fermentation, the non-Saccharomyces yeast 
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population may reach 103 CFU/mL and include C. stellata, T. delbrueckii and B. bruxellensis 
(Renouf et al., 2006). 
 The initial non- Saccharomyces species will negatively impact bacterial communities’ 
growth through competition for nutrients and/or formation of toxic metabolites or positively 
through production of by-products. The impact of persistent non-Saccharomyces species is 
particularly important on LAB growth since these are crucial for completion of malolactic 
fermentation (Jolly et al., 2014).  
 Saprophytic filamentous fungi inducing grape diseases or producing mycotoxins such as 
B. cinerea (grey rot), Aspergillus spp., Cladosporium spp., and Penicillium spp. (Barata, Santos, 
Malfeito-Ferreira, & Loureiro, 2012) are detected at the beginning of fermentation but do not 
survive the fermentation steps (De Filippis et al., 2017; Pinto et al., 2015). However, these molds 
can alter wine flavor by the metabolites they produce and are considered detrimental to the wine. 
Bacterial communities 
 Initial bacterial communities in juice varies between 102 to 104 CFU/g (Fleet, 2003; 
Renouf et al., 2006), and increase during the first days of fermentation, then rapidly decrease 
throughout fermentation (Stefanini et al., 2016). After crushing, the Gram-negative anaerobic 
bacterial communities decrease drastically (103 to 10 CFU/mL), whereas the AAB and LAB 
communities increase during the first days of alcoholic fermentation and reached 104 CFU/mL 
(Renouf et al., 2006). The total LAB population decreases throughout the alcoholic fermentation 
and reaches 102 CFU/mL at the end of alcoholic fermentation. O. oeni is the main LAB species 
that can grow consistently during the alcoholic fermentation despite the overall decrease of LAB 
during the alcoholic fermentation (Renouf et al., 2006; Stefanini et al., 2016). This species is 
known for its resistance to high ethanol levels (Renouf et al., 2006). However, this LAB was not 
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detected in Portuguese wines fermented spontaneously (Pinto et al., 2015) or in Riesling wine 
produced from organic pied-de-cuve (similar to sour dough starter), but it was detected in 
Riesling wine produced from conventional pied-de-cuve (Piao et al., 2015). 
 The main representative species of AAB detected during fermentation is the spoilage 
bacterium G. oxydans (Renouf et al., 2006). An increase in Gluconobacter species can be 
observed especially during organic fermentation (no SO2 added) compared to conventional 
fermentation (SO2 added) (Piao et al., 2015). The main Gram-negative bacteria detected is B. 
vietnamiensis (Renouf et al., 2006). Dominant phyla include Proteobacteria (41.6%), 
Actinobacteria (19.2%), and Firmicutes (17.9%) in Portuguese wines. Spontaneous wine 
fermentations shows an increase of Proteobacteria (Gammaproteobacteria (27.9%), 
Betaproteobacteria (15.9%), Alphaproteobacteria (14.8%)), Actinobacteria (13.2%), and Bacilli 
(11.5%) (Piao et al., 2015; Pinto et al., 2015). 
Wine Metabolites 
Wine composition  
 Wine contains 85% water, 12% alcohol, and only 3% minor components. Surprisingly, it 
is this small portion of minor components that are responsible of the distinct flavors and aromas 
of wines. These minor components include glycerol (35%), acids (30%), sugars (10%), phenolic 
compounds (9%), minerals (6%), higher alcohols (3%), amino acids (3%), sorbitol and mannitol 
(2%), volatile acidity (2%), and less than 1% esters, sulfites, and acetaldehydes. The composition 
and amount of these chemical compounds vary depending on different factors such as the type 
and condition of grapes (e.g., variety, health), viticultural and wine process (e.g., equipment, 
temperature, oxygen, fining, aging), and microorganisms naturally present on the berries or 
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added during fermentation. These microorganisms are known to produce different chemical 
compounds that can be either beneficial or detrimental for the wine sensory characteristics.  
Metabolites produced by fungi 
 During alcoholic fermentation, S. cerevisiae has the highest rate of conversion and 
produces more ethanol than the non-Saccharomyces species. However, high levels of ethanol are 
not desirable in wine. Less ethanol can be obtained if the fermentation is conducted by S. 
cerevisiae strains coupled with non-Saccharomyces species (Jolly et al., 2014; Quirós, Rojas, 
Gonzalez, & Morales, 2014). 
 Higher alcohols (fusel alcohols) can also be produced during fermentation, including n-
propanol, isobutanol, isoamyl alcohol, and active amyl alcohol (Hirst & Richter, 2016; Jolly et 
al., 2014; Lambrechts & Pretorius, 2000). Higher alcohols are generally unwanted in wine 
because these impart a pungent smell and taste. However, when present at a lower level, these 
are considered beneficial because these compounds add complexity to the wine (Hirst & Richter, 
2016; Lambrechts & Pretorius, 2000). Non-Saccharomyces yeast species form lower levels of 
higher alcohols compared to Saccharomyces species. 
 Non-Saccharomyces yeast species can also produce other metabolic compounds such as 
glycerol, acetic acid and succinic acid, terpenoids, esters, and acetaldehyde (Jolly et al., 2014; 
Lambrechts & Pretorius, 2000). Glycerol can contribute to the complexity of specific wines by 
increasing the sweetness, and smooth mouthfeel. The two main glycerol-producers are 
Lachancea thermotolerans and C. zemplinina (Jolly et al., 2014). 
 Terpenols, as citronellol, nerol, and geraniol provide flavor complexity in wine. 
Terpenols concentration is increased when the fermentation is produced with co-culture of 
Saccharomyces with non-Saccharomyces yeast species (Jolly et al., 2014). In addition, more than 
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160 esters, which can have a positive impact on wine quality, were detected in wine in various 
studies (Jolly et al., 2014). For example, the 2-phenylethyl acetate produced by H. uvarum, can 
contribute to the rose and honey aromas of wines (Mezzasalma et al., 2017). Pichia anomala, K. 
apiculata (teleomorph H. uvarum), and M. pulcherrima are the main producers of flavor 
compounds (Jolly et al., 2014). Other components can also be produced such as succinic acid, 
volatile fatty acid, and polysaccharides (Jolly et al., 2014). 
 Other compounds produced by some spoilage microorganisms have a detrimental effect 
on the wine sensory characteristics. Some strains of apiculate yeasts produce off-flavors in must 
before or during fermentation. Film-forming yeasts (e.g., Pichia spp.) form pellicles on the 
surface of bulk wines. The apiculate and film-forming yeast growth can be prevented with good 
manufacturing practices as well as limiting oxygen and maintaining acidity and alcohols levels 
(Fugelsang, 1997). Other yeasts responsible for off-flavor production (acetic acid and volatile 
phenols) are mainly the spoilage yeasts, B. bruxellensis and its teleomorph Dekkera bruxellensis. 
Sediment or cloudiness formation (e.g., Z. bailii) can occur even if good manufacturing practices 
are maintained. B. bruxellensis produces tetrahydropyridines and volatiles substances, 4-
ethylguaiacol and 4-ethylphenol that confer mousy, barnyard, medicinal volatiles (Fleet, 2003). 
S. ludwigii is associated with cork contamination (Combina et al., 2005). Production of hydrogen 
sulfide and other sulfur volatiles is extremely detrimental for the wine flavor (Fleet, 2003). 
 Moreover, molds causing grape diseases also produce volatile compounds and toxins that 
impact the wine sensory characteristics and safety. B. cinerea (causing agent of grey/bunch rot) 
when present with Penicillium spp. or Rhizopius spp., produces 2-methylisoborneol, (-)-geosmin, 
1-octen-3-one, 1-octen-3-ol, 2-octen-1-ol, and 2-heptanol and pathogenesis-related (PR) protein 
causing haziness in white wines (Barata, Malfeito-Ferreira, et al., 2012). The causal agent of 
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powdery mildew, E. necator, produces two intense odorant compounds, 1-octen-3-one 
(mushroom odor) and (Z)-1,5-octadien-3-one (geranium-leaf odor). These compounds confer a 
harsh mushroom odor to the grapes. However, if these compounds are enzymatically reduced 
during alcoholic fermentation by S. cerevisiae into less odorant compounds (3-octanone and (Z)-
5-octen-3-one), then the wine may not have a moldy odor (Barata, Malfeito-Ferreira, et al., 2012; 
Fleet, 2003). Some Aspergillus species produce mycotoxins (e.g., ochratoxin, fumonisin B2) that 
can be harmful to wine consumers (Barata, Malfeito-Ferreira, et al., 2012). 
Metabolites produced by bacteria 
 Bacteria can also be responsible for wine deterioration. The LAB including O. oeni and 
Lactobacillus spp. can spoil wines by producing exopolysaccharides, biogenic amines, or 3-
hydroxypropionaldehyde, depending on the wine pH (high pH) (Barata, Malfeito-Ferreira, et al., 
2012; Renouf, Claisse, et al., 2005).  
The production of acetic acid is generally considered unfavorable in terms of wine spoilage when 
present at concentrations greater than the concentration threshold. The main acetic acid 
producers are AAB that are generally found on spoiled grapes (Mezzasalma et al., 2017). The 
AAB species, such as Acetobacter spp. and Gluconobacter can produce a high level of acetic 
acid that will negatively impact the wine flavor imparting a vinegar taste.  
Interactions Between Microorganisms 
Antagonism mechanisms 
 Yeasts present on the fruit surface, such as Cryptococcus albidus, Cryptococcus laurentii, 
Rhodotorula glutinis, Sporobolomyces roseus, and P. anomala, have antifungal activity. A. 
pullulans, the main yeast found on immature berries, synthesizes chitinase and glucanase 
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enzymes. These enzymes hydrolyze mold cells (Fleet, 2003). It was shown that A. pullulans 
reduced B. cinerea’s growth on the surface of table grape berries. 
Indigenous grape bacteria such as Bacillus mycoides and LAB (e.g., Lactobacillus casei) have 
also shown an antifungal activity (Renouf, Claisse, et al., 2005). Lactobacillus plantarum can 
reduce the growth of A. carbonarius and the fungus’ production of ochratoxin A (Lappa et al., 
2018). 
Amensalism yeast interactions 
 The killer phenomenon refers to the production of specific extracellular proteins and 
glycoproteins by certain yeast strains, named killer yeasts. These yeasts destroy sensitive yeasts. 
Some S. cerevisiae strains are killer strains and others are sensitive strains. The killer toxins are 
only active against strains of the same species. S. cerevisiae kill others S. cerevisiae that are 
sensitive (Bagheri et al., 2017). Some S. cerevisiae strains also expressed a fungistatic effect on 
L. thermotolerans, T. delbrueckii and Hanseniaspora guillermondii and a fungicidal effect on 
Kluyveromyces marxianus. P. anomala, major species during first steps of fermentation, 
produces killer toxin against S. cerevisiae (Renouf et al., 2006). Molds present on the grape 
berry’s surface produce mannoproteins and toxins that disturb yeast’s ecosystem and have 
repercussions on the yeast development during the first stage of winemaking and wine quality 
(Fleet, 2003; Renouf, Gindreau, Claisse, & Lonvaud-Funel, 2005).  
Beneficial interactions  
 A symbiosis exists between the plant roots and specific rhizosphere microorganisms (e.g., 
mycorrhizal fungi and nitrogen fixing symbiotic bacteria). Plants release sugars, amino acids, 
and organic acids that can be a source of carbon, which is necessary for microorganisms' growth. 
In exchange, symbiotic microorganisms depolymerize and mineralize organic forms of nitrogen, 
35 
 
phosphorus, and sulfur, liberate inorganic forms of nitrogen, phosphorus, and sulfur, (such as 
nitrates, phosphate and sulfates) that are essential nutrients for plant growth (Jacoby et al., 2017; 
Pétriacq et al., 2017). Yeasts and bacteria autolysis provides nutrients to other yeasts and bacteria 
(Fleet, 2003). 
Production of biofilm, yeasts-bacteria interactions 
 A. pullulans produce exopolysaccharides, extracellular and unbranched 
homopolysaccharides called pullulan. Pullulan is a flexible and sticky polymer that forms a 
hermetic oxygen film that may facilitate the adhesion of the bacterial cells to the berry surface 
(Renouf, Claisse, et al., 2005). Other yeast species such as Cryptococcus and Candida are also 
able to produce exopolysaccharides. They form an extracellular matrix, called biofilms, 
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 Year, location, and variety impact on soil and leaf-associated bacterial microbiota of 
Arkansas-grown wine, muscadine, and table grapes 
Abstract 
 Despite the increase in the ability to identify the plant-associated microbiota with high-
throughput sequencing, there have been scarce studies focusing on vineyards. The aims of this 
study were to identify the indigenous bacterial microbiota from grapevine leaf samples and 
surrounding soil samples in Arkansas vineyards and investigate the impacts of the year, location, 
and variety on these bacterial communities. The 16S rRNA high-throughput sequencing was 
used to identify and compare the leaf and soil bacterial communities from five vineyards located 
in Arkansas from eight grapevines varieties (wine, muscadine, and table grapes) in 2016 and 
2017. The locations included private commercial vineyards and University of Arkansas System 
Division of Agriculture vineyards, including one table grape vineyard in a protected high tunnel 
system. Rhizosphere and phylloplane each exhibited a distinct bacterial core microbiota between 
the different locations. The soil bacterial communities were mostly retained between the two 
years and locations, while the leaf bacterial communities varied between years, locations, and 
varieties. The bacterial diversity was greater in soil samples and more than 76% of the leaf 
microbiota was present in the soil supporting the idea that soil acts as a microbial reservoir for 
the aboveground grapevine. Intriguingly, a larger relative abundance of Pseudomonas was 
observed in both leaf and soil samples in 2016 for all locations, suggesting that a common 
environmental factor (temperature, humidity, or precipitation) promoted growth. The two most 
abundant bacterial genera found in leaf samples were Methylobacterium and Sphingomonas for 
all the vineyards except for the high tunnel system that carried different microbial communities. 
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The most abundant bacteria in soil samples were Acidobacteria-Gp4 and Acidobacteria-Gp6 
without distinction between the locations. The presence or absence of specific phyllosphere and 
rhizosphere bacteria can affect grapevine growth and health and impact the quality of the grapes 
for wine production. Therefore, the data reported represents an initial framework that can 
potentially be used in grapevine management efforts to maintain and promote desirable bacterial 
microbiota profiles and diversity. 
Keywords: Bacteria, microbiota, soil, leaf, grapevine, Pseudomonas 
Introduction 
 There are many regions for grape and wine production in the United States. Each 
vineyard produces grapes and wines that are unique to that region. The land and climate where 
grapevines are grown impart unique characteristics to the grapes, known as terroir. Along with 
these abiotic factors (e.g., vineyard location, climate), the indigenous vineyard microbiota 
significantly contribute to the terroir (Bokulich et al., 2016; Drumonde-Neves, Franco-Duarte, 
Lima, Schuller, & Pais, 2017; Renouf, Miot-Sertier, Strehaiano, & Lonvaud-Funel, 2006) and 
impact wine sensory characteristics (Fleet, 2003; Jolly, Varela, & Pretorius, 2014; Liu et al., 
2017). The indigenous vineyard microbiota that impact terroir is mainly composed of yeasts, 
filamentous fungi, and bacteria. They are present on the grapes and leaves but also on other parts 
of the grapevine and surrounding soil. 
 Vineyard microbial communities are specific to the plant parts (i.e., grapes, leaves, and 
trunk) and to different areas of the soil (e.g., rhizosphere, bulk zone). Grapes and leaves have 
distinct microbial community structure and distribution. However, previous studies have shown 
that grapes share similar fungal and bacterial communities with leaves surrounding the grapes 
(Barata, Malfeito-Ferreira, & Loureiro, 2012b). The soil microbiota is different than the 
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microbiota of the aboveground soil portion of the grapevine. The grapevine rhizosphere (narrow 
zone of soil surrounding grapevine roots) contains a greater bacterial and fungal diversity than 
the phyllosphere (aboveground portion of the grapevine) that shares more than 50% of its 
microbial communities with the surrounding soil (Martins et al., 2013; Mezzasalma et al., 2018; 
Zarraonaindia et al., 2015). The soil acts as a microbial reservoir for the phyllosphere 
transferring specific microorganisms either by air/dust, animals, or directly through the roots 
(Madden et al., 2017; Martins et al., 2013; Mezzasalma et al., 2017, 2018; Zarraonaindia et al., 
2015). Microorganisms inhabiting the rhizosphere interact with the grapevine through the roots 
and play a crucial role in plant health and growth (D’Amico et al., 2018; Jacoby, Peukert, 
Succurro, Koprivova, & Kopriva, 2017; Novello et al., 2017; Trouvelot et al., 2015; 
Zarraonaindia et al., 2015). The vineyard microbiota is impacted by different factors such as 
climate, vineyard management practices, and grapevine varieties (Agarbati, Canonico, Ciani, & 
Comitini, 2019; Burns et al., 2016; Coller et al., 2019; Combina et al., 2005; Drumonde-Neves et 
al., 2017; Martins et al., 2014; Mezzasalma et al., 2017, 2018; Morrison-Whittle, Lee, & 
Goddard, 2017). 
 In the past, the vineyard microbiota was evaluated and enumerated with traditional 
plating methods, microorganisms grown on specific media. However, only an estimated 1% of 
microorganisms can grow using plating methods, so a large portion of the microbial population 
was unidentified. Molecular methods for sequencing and analyzing the microbial DNA have 
allowed the identification of these unknown microorganisms, since they did not have to be 
grown on media, but the disadvantage is molecular methods detect DNA of both alive and dead 
microbiota. Recent advances in next-generation sequencing strategies have been used to unravel 
a large portion of non-cultivable microorganisms (Bokulich, Thorngate, Richardson, & Mills, 
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2014; Portillo, Franquès, Araque, Reguant, & Bordons, 2016). The 16S rRNA and internal 
transcribed spacer (ITS) region-amplicon sequencing are used to analyze bacterial and fungal 
communities, respectively. 
 Some research has been done on identification of vineyard microbiota using high-
throughput sequencing (HTS). Bokulich et al. (2014) were one of the first to investigate both the 
fungal and bacterial communities of wine grapes and demonstrate the effect of grape variety, 
vintage, and climate on grape microbiota using HTS. They analyzed the microbiota of 235 grape 
musts (juice, seeds, skins, and pulp after crushing) from Cabernet Sauvignon, Chardonnay, and 
Zinfandel from eight wineries in four of the major grape-growing regions in California (Napa, 
Central Coast, North San Joaquin Valley, and Sonoma). They observed that the grape-growing 
region impacts must microbiota. They evaluated 39 additional samples from another vintage, 
collected in Sonoma region, and observed that the vintage impacted must microbiota within a 
geographical growing region. Portillo et al. (2016) identified the bacterial communities on grape 
berry surfaces from two grape varieties, Grenache and Carignan, growing in five vineyards in 
Spain. They discovered that the bacterial communities varied between the two grape varieties 
and vineyards and with geographic factors, such as vineyard orientation. Marzano et al. (2016) 
identified the bacterial population dynamics of the fermentation process from the berry surface to 
the final wine in three red wine varieties (Cabernet Sauvignon, Negramaro, and Primitivo) grown 
in southern Italy. While they discovered a specific taxonomic signature of each wine appellation, 
they observed a core microbiota shared among the three types of wines (Marzano et al., 2016). 
 Most of these studies focused on the identification of the microbiota of grape, must, or 
wine, while only few studies focused on the grapevine and vineyard soil microbiota (Gupta, 
Bramley, Greenfield, Yu, & Herderich, 2019; Martins et al., 2013; Pinto et al., 2014; Singh, 
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Santoni, Weber, This, & Péros, 2019; Wei et al., 2018; Zarraonaindia et al., 2015). Gupta et al. 
(2019) studied the soil fungal and bacterial community structure of Shiraz grapevines from a 
vineyard in Australia and impact on the concentration of the grape aroma compound, rotundone 
(peppery aroma). They found that soil with high levels of rotundone had a greater diversity of 
bacteria and smaller diversity of fungi, while soil with low levels of rotundone had a larger 
diversity of fungi and lower diversity of bacteria. High and low rotundone-concentrated areas in 
the soil exhibited specific microbial communities. Pinto et al. (2014) identified the fungal and 
bacterial communities on grape leaves during the vegetative cycle of Tempranillo grapes 
growing in a vineyard in Barrada appellation, Portugal. Zarraonaindia et al. (2015) studied the 
impact of vine variety, edaphic parameters, vine developmental stage, and vineyard on bacterial 
communities. They analyzed the spatial and temporal dynamics of the bacterial communities of 
leaves, flowers, grapes, root, and soils of Merlot grapevines in five vineyards in Long Island, NY 
during two vintages (harvest years). They observed that the leaves, flowers, and grapes shared a 
larger proportion of microbial communities with the soil than with each other, confirming the 
possible role of microbial reservoir of the soil for the aboveground plant.  
 The bacterial community structure and composition of the soil and roots varied with soil 
pH and C:N ratio. Leaf and grape bacterial community distribution were influenced by different 
factors, such as the soil carbon and vine growing stages. Singh et al. (2019) identified the 
phyllosphere bacterial and fungal communities of 15 grapevines varieties from two 
Mediterranean vineyards (South of France) and five varieties of Vitis vinifera sampled on three 
French agro-climatic zones (terroir). They observed that while at a particular geographic location 
varieties had an impact on the phyllosphere (grapes and leaves) microbial distribution, the main 
factor affecting the leaf microbial community structure was the terroir.  
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 Given the importance of soil microbiota to act as a reservoir for the microbial community 
to influence aboveground portions of the vine and thus the subsequent wine quality, the objective 
of this study was to investigate and identify the bacterial microbiota in the leaf and rhizosphere 
from wine grape, muscadine grape, and table grape vineyards in Arkansas and investigate the 
impacts of the year, location, and variety on these bacterial communities by 16S rRNA gene 
HTS.   
Materials and Methods 
Grape varieties 
 Leaf and soil samples for bacterial population evaluation were collected from wine grape, 
muscadine grape, and table grape vineyards in Arkansas, United States in 2016 and 2017. The 
samples were taken from wine grape cultivars including Cynthiana (V. aestivalis), Vignoles 
(Vitis hybrid), Zinfandel and Cabernet Sauvignon (V. vinifera), and muscadine grapes, Carlos 
and Noble (V. rotundifolia). In addition, samples were taken from two seedless table grape 
varieties (Vitis hybrid), Faith and Gratitude that were developed and released by the University 
of Arkansas System (UA system) Division of Agriculture Fruit Breeding Program. 
Vineyard locations 
 The vineyard sites of the grape varieties were located in the Ozark Mountain American 
Viticultural Area (AVA), which includes Northwest Arkansas, Southern Missouri, and Northeast 
Oklahoma (Figure 1). The United States Department of Agriculture (USDA) hardiness zone for 
these locations varies from 6a to 7b (Agricultural Research Service, 2012). Management 
practices such as trellis systems, training systems, pruning methods, soil amendments, and pest 
control varied at each site, as did the age of vines. Trellis systems for these grapes included 
single wire bi-lateral high-cordon, Geneva Double Curtain, and Six-arm Kniffin systems. Row 
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length and number of plants per row varied at each site. Pest management and spray programs 
typically followed the recommendations in the Midwest Fruit Pest Management Guide 
(Beckerman et al., 2019), but detailed protocols were not disclosed by the commercial vineyards.  
 The grapes were grown in commercial vineyards in Altus and Eureka Springs, AR, and 
UA System experimental vineyards in Clarksville and Fayetteville, AR. 
 Cabernet Sauvignon, Zinfandel, and Cynthiana were grown at Chateau aux Arc 
Vineyards and Winery (Chateau aux Arc) in Altus, AR [west-central Arkansas, lat. 35.47° N and 
long. 93.74° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The soil type 
in this vineyard was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic 
Hapludult) (Natural Resources Conservation Service, 2014).  
Cynthiana, muscadines (Carlos and Noble), and table grapes (Faith and Gratitude) were grown at 
Post Vineyards and Winery (Post) in Altus, AR [west-central Arkansas, lat. 35.44° N and long. 
93.76° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The soil type in this 
vineyard was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic 
Hapludult) (Natural Resources Conservation Service, 2014).  
Vignoles wine grapes were grown at Keels Creek Winery (Keels Creek) in Eureka Springs, AR 
[north-west Arkansas, lat. 36.36° N and long. 93.67° W; USDA hardiness zone 6b (Agricultural 
Research Service, 2012)]. The soil type was Arkana-Eldon complex (clayey-skeletal, mixed, 
active, mesic Mollic Paleudalf) and Arkana-Moko complex (loamy-skeletal, mixed, superactive, 
mesic Lithic Hapludoll) (Natural Resources Conservation Service, 2014). 
The table grapes, Faith and Gratitude, were grown at the UA Agricultural Research and 
Extension Center (UA AREC) in Fayetteville, AR [north-west Arkansas, lat. 36.67° N and long. 
94.10° W; USDA hardiness zone 7a (Agricultural Research Service, 2012)]. The soil type was 
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Captina silt loam (fine-silty, siliceous, active, mesic Typic Fragiudult) (Natural Resources 
Conservation Service, 2014). This vineyard was in a high tunnel system (plastic-covered 
structure). 
The muscadine grapes (Carlos and Noble) and table grapes (Faith and Gratitude) were grown at 
the UA Fruit Research Station (UA FRS) in Clarksville, AR [west-central Arkansas, lat. 35.31° 
N and long. 93.24° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The 
soil type was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic 
Hapludult) (Natural Resources Conservation Service, 2014).   
 The maximum and minimum temperatures and cumulative rainfall data in 2016 and 2017 
were collected at UA FRS (Appendix Figure 1). The average minimum and maximum 
temperature were 11-22°C in 2016 and 11-21°C in 2017. A greater average rainfall was observed 
in 2017 (109.3 mm) compared to 2016 (88.9 mm). Typical bloom dates in Arkansas are April to 
May for wine grapes, but table grapes bloom earlier and muscadine grapes bloom later. Table 
grapes were harvested late July/early August, wine grapes were harvested in August/September, 
and muscadine grapes were harvested in September (Table 1).  
Leaf and soil collection 
 Leaf and soil samples were collected prior to harvest between July and September in 
2016 and 2017. Samples were collected seven days prior to harvest, when table grapes were 
about 15% soluble solids and wine grapes were about 20% soluble solids. Harvest dates varied 
per location and variety (Table 1). Leaf and soil samples were placed in coolers with ice packs, 
transported to Fayetteville, AR, and stored at -80°C until processing for extractions. 
 The leaves were sampled by sterile, manual removal of healthy leaves located next to 
grape clusters. About 8-10 leaves were collected from 10 vines for the wine grapes varieties 
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(Cabernet Sauvignon, Zinfandel, Cynthiana, and Vignoles), one or ten vines for muscadines 
(Carlos and Noble), and three or five vines for table grapes, as described in Table 2. In 2016, 
vine row selection for sampling was random, but the sampling was repeated in the same rows 
and vines for leaves and soil in 2017. A total of three samples from each variety and vineyard 
location were collected both years. 
 The soil samples were collected 10 cm from the grapevine trunk with an autoclaved and 
sterilized 2-cm diameter soil probe, at a depth of 2.5-10 cm (topsoil layer). The soil was sampled 
aseptically into sterile Whirl-Pak® bags (Nasco, Madison, WI, United States) from locations 
near three (except one vine for muscadines at UA FRS) randomly selected vines in triplicate. 
Subsamples were obtained from first, middle, and last vines in a row to create a single composite 
sample. A total of three samples for each variety and location were collected from distinct rows 
both years.  
Experimental design 
 This study was a screening study of the bacterial population of leaves and soil from eight 
grape varieties from three commercial vineyards and two experimental vineyards in Arkansas in 
2016 and 2017. For each soil and leaf samples, 90 samples (for each soil and leaf samples) were 
collected (15 samples * 3 replicates * 2 harvest years).  
Bacterial DNA extraction  
 Soil samples were homogenized, then sieved through a 2-mm mesh to remove stones and 
roots. Bacterial DNA from soil samples was extracted from 0.25 g of soil using the DNeasy® 
PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.  
 The leaf samples were manually shredded while still in the bags and mixed using aseptic 
techniques. The shredded leaves (220 mg) were weighed and transferred into a screw-cap tube 
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containing 0.1 g of 0.1-mm diameter and 0.1 g of 0.5-mm diameter zirconia-silica beads 
(BioSpec Products, Bartlesville, OK, United States). One mL of InhibitEX Buffer (from the 
QIAamp® Fast DNA Stool Mini Kit) was added to the tubes, and the tubes were heated for 5 
min at 70°C. The screw-cap tubes were subjected to a bead-beater cell lysis step of 1 min at 
maximum speed using a FastPrep®-24 bead beater (MP Biomedicals, Santa Ana, CA, United 
States). The DNA was extracted with the QIAamp® Fast DNA Stool Mini Kit following the 
manufacturer’s protocol. 
 DNA concentration was determined spectrophotometrically using the NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). Extracted 
DNA was visualized following electrophoresis on a 2% agarose gel in 1X TAE (Tris-acetate-
ethylenediaminetetraacetic acid) buffer (AMRESCO, Cleveland, OH, United States). DNA 
extracts were stored at -20°C until further analysis. 
Universal polymerase chain reaction 
 A polymerase chain reaction (PCR) was set up in a 96 well plate for confirmation of the 
bacterial DNA quality with universal bacterial primers 8F and 1541R (Carbonero, Oakley, & 
Purdy, 2014). PCR reactions contained 3 µL of DNA template, 12.5 µL of GoTaq Green Master 
Mix 2X (Promega, Madison, WI, United States), 1 µL of primers (10 pmol) 8F (5’-AGA GTT 
TGA TCC TGG CTC AG-3’) and 1541R (5’-AAG GAG GTG ATC CAG CCG CA-3’), and 7.5 
µL of sterile nuclease free water for a final volume of 25 µL. PCR reactions conditions consisted 
of an initial 94°C for 3 min, followed by 35 cycles of denaturation at 98°C for 30 sec, annealing 
at 55°C for 30 sec, and elongation at 72°C for 1 min using the Eppendorf Mastercycler pro S 
(Eppendorf, Hamburg, Germany). The quality was checked with 12% of samples (containing a 
positive and negative control) randomly selected on a 2% agarose gel electrophoresis. 
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Index polymerase chain reaction 
 An Index PCR targeting the V4 domain of the bacterial 16S rRNA gene using dual-
indexed Illumina primers was performed (Kozich, Westcott, Baxter, Highlander, & Schloss, 
2013). PCR reactions contained 2.5 µL of Buffer II, 0.1 µL of AccuPrime™ Taq DNA 
Polymerase High Fidelity (Invitrogen, Carlsbad, CA, United States), 1 μL of each index primers 
combination, 3 µL of DNA, for a total reaction of 25 µL. Reactions conditions consisted of an 
initial denaturation at 94°C for 2 min, followed by 30 cycles of (denaturation at 94°C for 30 sec, 
primer annealing at 55 °C for 30 sec, and extension at 68 °C for 1 min) then 5 min at 72°C using 
the Eppendorf Mastercycler Pro S (Eppendorf, Hamburg, Germany). Random reactions (12 to 
100%, containing positive and negative controls) were chosen from the PCR plate and loaded on 
an 2% agarose gel to confirm successful amplification.  
Amplicon libraries preparation 
 The SequalPrepTM Normalization Plate Kit (Invitrogen, Carlsbad, CA, United States) was 
used to purify (elute short primers, unincorporated dNTPs, enzymes, short-failed PCR products, 
and salts from PCR reactions) and normalize the PCR product concentrations from the index 
PCR. The protocol was followed per the manufacturer’s instructions with minor modifications. 
PCR product (22 µL) from the PCR plate was transferred instead of 18 µL and 22 µL of the 
binding buffer was added. The incubation step lasted 90 min instead of 60 min. During the 
elution step, instead of incubating for 5 min, the plate was left to incubate overnight at 4°C. The 
purified DNA (10 µL of each well instead of 5 µL) was pooled the following morning.  
Library quality control 
 The pool concentration was analyzed with Qubit ds DNA High Sensitivity Assay Kit 
(Invitrogen, Carlsbad, CA). The amplicon fragments’ size was determined with an Agilent 2100 
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Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The 
concentrations of the pools were determined by qPCR with the PerfeCta NGS Quantification Kit 
Illumina (Quanta Biosciences Inc., Beverly, MA, United States) following the manufacturer’s 
protocol. The qPCR reaction conditions consisted of an initial activation at 95°C for 3 min, 
followed by 35 cycles of (denaturation at 95°C for 15 sec, annealing at 60°C for 20 sec, and 
extension at 72°C for 45 sec). A final melting curve was added at the end of the reaction.  
Sequencing 
 The amplicon pools were denatured and diluted with 0.2 N fresh NaOH and HT1 buffer 
according to the MiSeq System Guide. Denatured DNA was combined with 20% PhiX control 
Nano kit v2 and loaded on a v2 Illumina MiSeq reagent cartridge along with Index, Read 1, and 
Read 2 sequencing primers (Kozich et al., 2013). The sequencing was made using an Illumina 
Miseq platform (Illumina Inc., San Diego, CA, United States). 
Soil organic matter content 
 The soil organic matter (SOM) content was obtained by the Loss-on-Ignition (LOI) 
method. Briefly, ~ 10 g of soil for each replicate was oven dried at 105°C for 24 h and then 
weighed to obtain oven-dry soil weight. The soil samples were combusted in a muffle furnace at 
450 °C for 8 h. The resulting ash was then weighed, and the SOM percentage was calculated by 
subtracting the ash weight from the oven-dry soil weight and divided by the oven dry soil 
weight. The result was then multiplied by 100 to obtain a percentage. The average of the SOM 
for the three replicates was calculated and presented in Table 3. 
Data analysis 
 The sequencing reads were downloaded from the Illumina Basespace server in Fastq files 
format and demultiplexed in read 1 and read 2 with approximately 250 bp in length. The 
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sequencing analyses were carried out using SILVA database as reference for assignation of 
operational taxonomic units (OTUs) with 97% pairwise identity at the species level. Further 
analysis was done using the Mothur v.1.41.1 pipeline (Schloss et al., 2009) following the Miseq 
standard operating procedure.  
 The Shannon diversity index (H), was calculated with the software PAST 3.18 (Hammer, 
Harper, & Ryan, 2001) to characterize species diversity in each sample. Mann-Whitney pairwise 
with Bonferroni corrected p-values were performed on species richness to test the effect of the 
year (and location and grape variety) for the soil and leaf communities.  
 Non-Metric multidimensional scaling (NMDS) and a one-way analysis of similarities 
(ANOSIM), both based on the Bray-Curtis similarity index, were used to evaluate the distances 
and similarities between the samples and were also obtained with Past to determine if the total 
number of genera significantly differs by vineyard location, variety of grapes, and year.  
 The mean of the relative abundance of bacteria present on leaf and soil for the three 
replicates was calculated. Bacterial relative abundances were illustrated on stack columns at the 
phylum and genus levels representing the bacterial community profiles. These relative 
abundance profiles helped to visualize the differences among the bacterial communities. For the 
genus level, only bacteria present at a relative abundance greater than 1% were represented on 
the stack columns. A cut-off of 1% was chosen based on previous studies (Chou, Vanden 
Heuvel, Bell, Panke-Buisse, & Kao-Kniffin, 2018; Marzano et al., 2016). Since samples are of 
different number of sequence reads, data were considered by relative abundances rather than 
absolute numbers for the NMDS plots and the stacked columns figures. Differences between 
years, locations, and varieties were considered significant when the p-value < 0.05; however, 
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statistical difference should be interpreted cautiously due to the small number of replications of 
each sample. 
Results and Discussion 
Soil organic matter  
 The SOM (complex of plant and animal residues at various stages of decomposition, 
living and dead soil microorganisms, and diverse substances synthesized by these organisms) 
percentage varied by location, variety, and in accordance to the type of soil at each location 
(Table 3). The SOM usually vary between 1 and 6% in agricultural soil. The larger the 
percentage of SOM, the better soil quality (more nutrients and water available for the plant). In 
this study, the SOM varied between 1.61 and 5.43%. Higher values were detected in Keels Creek 
soil which is anticipated since the soil is a mix of Arkana-Eldon complex and Arkana-Moko 
complex containing mollisols and mollic layers rich in organic matter. The remaining values are 
in line with agricultural soil from Arkansas (~ 2%). 
Sequence analysis 
 A total of 1,908,564 bacterial 16S rRNA sequences were generated from 173 soil and leaf 
samples (seven samples were removed from analysis due to small number of sequence reads) 
after paired-ended alignments, quality filtering and deletion of chimeric, singletons, 
mitochondrial, chloroplast and unknown Archaea-Eukaryota sequences. The sequences were 
clustered into 400 and 600 bacterial OTUs (97% nucleotide identity) for leaf and soil samples, 
respectively. 
Leaf bacterial communities 
 The bacterial taxonomic composition of leaf samples included a total of 23 phyla and 285 
genera (data not shown here). Overall, the leaf-associated bacterial community was dominated 
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by Proteobacteria (relative abundance 78.2 and 66.4% in 2016 and 2017, respectively), followed 
by Bacteroidetes (5.9 and 21.1% in 2016 and 2017, respectively), Firmicutes (9.4 and 5.9% in 
2016 and 2017, respectively) and Actinobacteria (4.8 and 3.5 in 2016 and 2017, respectively 
These are the main phyla representing together 97.6% of the leaf microbiota. The remaining 
percentage (2.4%) corresponded to the sum of 19 other phyla (Figure 6). Unidentified bacteria 
(Bacteria_unclassified) corresponded to only 1.4% of the total leaf microbiota. A large number 
of OTUs (115 among the 400) were not assigned to any bacteria at the genus level during the 
taxonomic assignment procedure (SILVA database) but were assigned at the higher taxonomic 
rank (phylum, class, order, or family). This is not uncommon and many studies also found large 
percentages of unclassified bacterial genera (Coller et al., 2019; Novello et al., 2017).  
 The Shannon diversity indices (Figure 2), NMDS plots (Figures 3, 4, and 5), and the 
bacterial communities’ distribution at the phylum (Figure 6) and genus (Figures 7, 8, 9, and 10) 
levels were presented for the leaf samples. 
Year impact on leaf microbiota 
 Samples were collected from the 2016 and 2017 growing seasons. The Shannon diversity 
indices of the bacterial communities in leaves were significantly different between 2016 and 
2017 (Mann-Whitney pairwise, Bonferroni corrected p-values, p-value = 0.01172), indicating 
that the leaf bacterial diversity was significantly greater in 2017 than in 2016, regardless of the 
location or variety (Figure 2A). 
 Multivariate analysis was performed and the NMDS plots based on Bray-Curtis similarity 
index showed two clusters, one cluster for the leaf bacterial communities sampled in 2016 and 
one for the leaf bacterial communities sampled in 2017 (Figure 3A). The clusters seemed to 
overlap, but the one-way ANOSIM analysis revealed that the leaf bacterial communities were 
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significantly different in 2016 and 2017 (p-value = 0.0033). However, when observing the 
bacterial communities per year and location (Figure 3B), the statistical analysis confirmed that at 
Chateau aux Arc, UA FRS, UA AREC, and Keels Creek the bacterial communities were not 
significantly different between 2016 and 2017. However, bacterial communities at Post varied 
between 2016 and 2017 (p-value = 0.0405).  
 The mean of the relative abundance of bacteria present on leaves for the three replicates 
(for each grape variety and at each location) was calculated. Bacterial relative abundances were 
illustrated on stack columns at the phylum level (Figure 6) and genus level (Figure 7) 
representing the bacterial community profiles. These relative abundance profiles helped to 
visualize the differences among the bacterial communities. For the genus level, only bacteria 
present at a relative abundance greater than 1% were represented on the stack columns. 
  Leaf bacterial profiles at the phylum level varied between the two years for the five 
locations and for all varieties (Figure 6). Regardless of the grape variety, the major phylum 
detected in 2016 was Proteobacteria for the majority of the locations (UA FRS: 91.5%, Post: 
87.8%, Chateau aux Arc: 86.5%, and Keels Creek: 75.6%) except at UA AREC where the major 
phyla were Firmicutes (59.1%), followed by Bacteroidetes (17.6%) and Proteobacteria (16.2%). 
This distinction in phyla between the different vineyards and UA AREC may be due to the fact 
that UA AREC is not a conventional vineyard, but vines are growing under a covered structure 
(high tunnel). In 2017, Proteobacteria remained the major phylum at Chateau aux Arc, UA FRS, 
Keels Creek, and Post (87.5, 76.9, 74.4, and 67.2%, respectively). However, its relative 
abundance decreased in 2017, and an increase in Bacteroidetes was observed. This increase was 
also observed at UA AREC where the relative abundance of Firmicutes (18%) decreased, and a 
significant increase in Bacteroidetes occurred (62%). Proteobacteria and Bacteroidetes were also 
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the dominant phyla detected previously on Tempranillo (V. vinifera) leaves (31.2 and 29.45% 
respectively) (Pinto et al., 2014). 
  The leaf bacterial profile at the genus level of all grape varieties and for each location 
presented dissimilarities between the two years (Figure 7). Regardless of the variety, the two 
most abundant genera at Chateau aux Arc, UA FRS, Keels Creek, and Post, during both years 
were Methylobacterium (30 and 21.8% in 2016 and 2017, respectively) and Sphingomonas (12.6 
and 16.8% in 2016 and 2017, respectively) (Figure 7 and Table 4). These two genera belong to 
the Proteobacteria phylum and were previously described as the predominant genera in grape 
berries, grapevine and other plant phyllosphere (Compant, Samad, Faist, & Sessitsch, 2019; 
Leveau & Tech, 2011; Martins et al., 2013; Rastogi, Coaker, & Leveau, 2013; Singh et al., 
2019). The main genera at UA AREC varied between the two years. In 2016, Alistipes (6.3%) 
was the major bacterial genus observed, while in 2017 the major bacterial genus identified was 
Bacteroides (11.9%). Alistipes and Bacteroides are bacterial genera of the Bacteroidetes phylum 
and are mainly studied for their colonization of the gut microbiota and their impact on human 
health such as depression, stress and digestion (David et al., 2014; Naseribafrouei et al., 2014).  
The leaf bacterial communities were analyzed by type of grapes. 
Wine grapes. The leaf bacterial communities of wine grapes clustered by year, and the two 
clusters seemed to overlap (Figure 3C). The statistical analysis revealed that the leaf bacterial 
communities were significantly different between the two years (p-value = 0.02). To look in 
greater detail, the leaf bacterial communities were analyzed by year and location (Figure 3D). 
The leaf bacterial communities in 2016 and 2017 overlapped at Chateau aux Arc, while they 
were close to each other at Post and Keels Creek. The one-way ANOSIM confirmed that leaf 
bacterial communities at each location did not vary significantly between 2016 and 2017 (p-
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values = 1). However, for Post and Keels Creek the low number of samples might have biased 
the statistics. The leaf bacterial profiles varied greatly between 2016 and 2017 at each location 
and all wine grape varieties. (Figure 8). The relative abundance of the soil bacterial communities 
varied between the two years. For instance, the five most abundant bacterial genera at Post 
(Table 4), namely Methylobacterium (60.5% in 2016 and 35% in 2017), Sphingomonas (11% in 
2016 and 2.7% in 2017), Massilia (1.6% in 2016 and 5.2% in 2017), Hymenobacter (3.4% in 
2016 and 3.9% in 2017), and Curtobacterium (4% in 2016 and 1.2% in 2017) varied in relative 
abundances between the two years. At Keels Creek, the five most abundant bacterial genera of 
Vignoles leaves including Methylobacterium (23.1% in 2016 and 24.6% in 2017), Sphingomonas 
(21.1% in 2016 and 39.9% in 2017), Acinetobacter (6% in 2016 and 0.06% in 2017), 
Arthrobacter (5.9% in 2016 and not detected in 2017), Aurantimonas (5.1 in 2016 and 5% in 
2017) and Hymenobacter (1.9% in 2016 and 4% in 2017) differed between the two years. At 
Chateau aux Arc, the relative abundance of the bacterial genera varied for each variety between 
the two years. For example, in Cynthiana leaves a larger abundance of Pseudomonas (13.5% in 
2016 and 1.2% in 2017), Acinetobacter (7.2% in 2016 and 0.6% in 2017), Arthrobacter (4.2% in 
2016 and 0.01% in 2017), Chryseobacterium (3.1% in 2016 and 0.01% in 2017), Pantoea (1.3% 
in 2016 and 0.01% in 2017), Stenotrophomonas (1.25% in 2016 and 0.01% in 2017), and 
Leuconostoc (1.1% in 2016 and 0.01% in 2017) were detected in 2016, whereas in 2017 a greater 
abundance of Methylobacterium (22.9% in 2016 and 52.8% in 2017), Hymenobacter (0.2% in 
2016 and 1.6% in 2017), and Gluconobacter (0% in 2016 and 1.5% in 2017) were detected 
(Figure 8 and Appendix A Table 1) . Gluconobacter are acetic acid bacteria that can negatively 
impact wine flavor by producing undesired high concentration of acetate and along with other 
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microorganisms are responsible for grape bunch rot (Barata et al., 2012b; Barata, Malfeito-
Ferreira, & Loureiro, 2012a; Hall, O’Bryon, Wilcox, Osier, & Cadle-Davidson, 2019).  
Muscadine grapes. The muscadine leaf bacterial communities clustered by year and overlapped 
(Figure 3E). The one-way ANOSIM analysis confirmed that the bacterial communities of 
muscadine leaves did not vary significantly between the two years (p-value = 0.24). However, 
when observing in more detail and comparing the year and location (Figure 3F), dissimilarities 
between location and year in muscadine leaf bacterial communities were noticed. The muscadine 
leaf bacterial communities at UA FRS in 2016 and 2017 overlapped, while at Post they were 
clustered apart (Figure 3F). The one-way ANOSIM confirmed that the muscadine leaf bacteria 
communities were similar at UAFRS in both years (p-value = 1), while they significantly varied 
at Post between the two years (p-value = 0.04). 
 The muscadine leaf bacterial profiles at the phylum level (Figure 6) and at the genus level 
(Figures 7 and 9) were similar between the two years at UA FRS and at Post and presented only 
slight differences. Overall, regardless of the variety and location, the bacterial communities were 
dominated by Methylobacterium (34.1%), Sphingomonas (12.7%), Massilia (9%), 
Enterobacteriaceae_unclassified (9%), and Rhizobiales_unclassified (7.9%). Dissimilarities 
were observed between the two years for bacteria present at a lower relative abundance. For 
instance, at UA FRS in 2016, greater relative abundance of Enterobacteriaceae_unclassified 
(15.7% in 2016 and 6.7% in 2017), Rhizobiales_unclassified (13.3 to 6%), and Pseudomonas 
(3.6 to 2.3%) were observed, whereas in 2017 a greater abundance of Sphingomonas (7.1 to 
15%) and Escherichia_Shigella (0.2 to 1.1%) were detected. At Post in 2016, a greater relative 
abundance of Methylobacterium (46 to 21.3%), Curtobacterium (0.9 to 0%), Sphingomonas 
(12.1 to 6.6%), and Aurantimonas (1.5 to 0.5%) were detected, whereas in 2017 a larger relative 
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abundance of Enterobacteriaceae_unclassified (0.7 to 13.3%) and 
Comamonadaceae_unclassified (0.6 to 2.2%) were observed. Additionally, at Post in 2017, a 
greater abundance of Naxibacter (0.02 to 6.6%) was detected in Carlos leaves and Arsenophonus 
(0 to 4.2%) in Noble leaves. Naxibacter were previously described as core members of lettuce 
leaves (Rastogi et al., 2012) and present in botrytized wine (Bokulich, Joseph, Allen, Benson, & 
Mills, 2012). Arsenophonus are known as insect symbiotic bacteria (Dale, Beeton, Harbison, 
Jones, & Pontes, 2006; Nováková, Hypša, & Moran, 2009; Wilkes et al., 2010); their presence 
might be due to the presence of insects colonizing the vines at Post in 2017.  
Table grapes. Table grape leaf bacterial communities in 2016 and 2017 seemed to overlap on the 
NMDS plot (Figure 3G) but the one-way ANOSIM confirmed that the leaf bacterial 
communities varied between the two years (p-value = 0.001). When observing in more detail 
regarding year/location NMDS plot (Figure 3H), table grape leaf bacterial communities can be 
observed clustering by year and location. The bacterial communities in 2016 and 2017 at Post 
and UA AREC clustered apart, while at UA FRS the leaf bacterial communities of 2016 and 
2017 overlapped. The one-way ANOSIM confirmed that table grape leaf bacterial communities 
were significantly different in 2016 and 2017 at UA AREC (p-value = 0.04) and Post (p-value = 
0.03) but did not vary significantly between the two years at UA FRS (p-value = 1). 
 Dissimilarities were observed for each location between the table grape leaf bacterial 
profiles at the phylum level in 2016 and 2017 (Figure 6). At UA FRS and at Post, an increase of 
Bacteroidetes (2.7 to 20.8% at UA FRS and 2 to 41.8% at Post) and Firmicutes (1.9 to 5.5% at 
UA FRS and 0.28 to 11.1% at Post) and a decrease of Proteobacteria (92.2 to 68.9% at UA FRS 
and 95 to 42.4% at Post) were observed in 2017 leaf samples. At UA AREC, an increase of 
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Bacteroidetes (17.6 to 62.1%) and a decrease of Firmicutes (59.1 to 18.1%) in 2017 were 
observed.  
 The leaf bacterial profile at the genus level presented even more noticeable dissimilarities 
between the two years for the three locations (Figure 10). For instance at UA FRS, an increase of 
Sphingomonas (4 to 10%), Methylobacterium (1.5 to 5%), Bacteroides (0.1 to 4.8%), and a 
decrease of Pseudomonas (14.1 to 3.8%) were observed in 2017. At Post, an increase of 
Bacteroides (0.02 to 9%), Alistipes (0 to 1.8%), Acinetobacter (0.05 to 1.9%), Barnesiella (0 to 
1.8%), Lactobacillus (0 to 1.2%), and a decrease of Methylobacterium (36.7 to 15.4%), 
Sphingomonas (29 to 7.3%), and Pseudomonas (2.5 to 0.5%) were observed in 2017. At UA 
AREC, an increase of Bacteroides (2.8 to 12%), Barnesiella (0.2 to 3.4%), Gluconoacetobacter 
(0 to 2%), Odoribacter (0.1 to 2%), Chryseobacterium (0.04 to 1.4%), and a decrease of 
Sphingomonas (1.1 to 0.14%), Pseudomonas (3.1 to 0.7%), Alistipes (6.3 to 2%), 
Escherichia_Shigella (3 to 0.5%), were noticed in 2017. At three locations an increase of 
Gluconobacter was observed in 2017 (0.35 to 2% at UA FRS, 0.03 to 3.4% at Post, and 0 to 
4.7% at UA AREC). More damaged, leaking berries caused by insects and birds were visually 
observed, and that may explain the increase in relative abundance of Gluconobacter in 2017 on 
the leaves. 
 In this study, it was demonstrated that the leaf microbiota composition is conditioned by 
the year (growing season). In all locations and for all varieties, a year-to-year variation in leaf 
bacterial communities or at least a variation in their relative abundance was determined. This is 
in accordance with other studies that have demonstrated the impact of year on the phyllosphere 




Location impact on leaf microbiota 
 Figure 4A presents the leaf bacterial communities of all grapes analyzed in this study 
clustered by location. The leaf bacterial communities at UA AREC were clustered apart from all 
the other locations, and the one-way ANOSIM analysis confirmed that the leaf bacterial 
communities from the high tunnel were significantly different from the other locations (p-value < 
0.001). This indicated that the covered structure strongly impacted the leaf microbiota.   
According to the one-way ANOSIM, the bacterial communities at Post were also significantly 
different (p-value = 0.001) from the other vineyards (Chateau aux Arc, UA FRS, and UA 
AREC), but not significantly from Keels Creek. However, since only one variety (Vignoles) was 
sampled at Keels Creek, for this reason the statistics and clusters related to this location should 
be considered with caution and were not described. Chateau aux Arc and UA FRS had a similar 
leaf bacterial communities (p-value = 1). To inspect in greater detail, the leaf bacterial 
communities were analyzed by grape variety. 
Wine grapes (Chateau aux Arc, Post, and Keels Creek). Leaves from wine grapes were collected 
at three locations, Chateau aux Arc, Post, and Keels Creek. The leaf bacterial communities of 
wine grapes were clustered by location (Figure 4B). Chateau aux Arc cluster was spread since 
that cluster had more leaf samples collected (n = 18) and surrounded Keels Creek and Post 
clusters. The one-way ANOSIM confirmed that leaf bacterial communities at Chateau aux Arc 
were not significantly different from Post (p-value = 0.678) and at Keels Creek (p-value = 0.06). 
The leaf bacterial communities at Post and Keels Creek were significantly different from each 
other (p-value = 0.006). 
 The leaf bacterial profiles of wine grapes varied significantly between the three locations 
in bacterial communities’ relative abundances (Figure 8). However, among the five most 
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abundant bacterial genera (Table 4), Methylobacterium and Sphingomonas were identified at 
each location at the larger relative abundances (Chateau aux Arc: 23.1 and 15.1%, Post: 47.8 and 
14.5%, Keels Creek: 23.8 and 30.5%, respectively). Bacterial genera of smaller relative 
abundances varied at each location. For instance, Pseudomonas (Chateau aux Arc: 12.1%, Post: 
1.2%, Keels Creek: 2.7%), Massilia (Chateau aux Arc: 7.2%, Post: 3.4%, Keels Creek: 0.5%), 
Xanthomonas (Chateau aux Arc: 1.7%, Post: 0%, Keels Creek: 0.1%), Bacteroides (Chateau aux 
Arc: 1.2%, Post: 0.1%, Keels Creek: 0.5%), Escherichia_Shigella (Chateau aux Arc: 1.2%, Post: 
0.1%, Keels Creek: 0.1%) were found at a higher relative abundance at Chateau aux Arc. 
Curtobacterium (Chateau aux Arc: 0.8%, Post: 2.6%, Keels Creek: 1%) was identified at a 
higher relative abundance at Post, while Aurantimonas (Chateau aux Arc: 0.4%, Post: 0.3%, 
Keels Creek: 5.1%), Arthrobacter (Chateau aux Arc: 0.8%, Post: 0.01%, Keels Creek: 2.9%), 
Pantoea (Chateau aux Arc: 0.7%, Post: 0.4%, Keels Creek: 1.5%), and Chryseobacterium 
(Chateau aux Arc: 0.6%, Post: 0%, Keels Creek: 1.1%) were found at a larger relative abundance 
at Keels Creek. 
Muscadine grapes (UA FRS and Post). The muscadine leaf bacterial communities clustered by 
location and apart (Figure 4C). The statistical analysis confirmed that leaf bacterial communities 
were significantly different (p-value = 0.0001). The leaf bacterial profiles of muscadines (Figure 
9) slightly varied between the two locations. For instance, regardless of year and variety, a 
greater relative abundance of Massilia (UA FRS: 13.5% and Post: 4.4%) and Curtobacterium 
(UA FRS: 2.7% and Post: 0.4%) were identified at UAFRS, while a greater relative abundance 
of Hymenobacter (UA FRS: 2.3% and Post: 5.3%), Naxibacter (UA FRS: 0.03% and Post: 
1.7%), and Arsenophonus (UA FRS: 0% and Post: 1.1%) were detected at Post. However, a 
“core microbiota” (core defined as any OTU detected in two vineyards) regardless of percentage 
68 
 
of sample or frequency of detection among samples) shared between the two vineyards can be 
observed (Figure 9 and Table 4). These major bacteria were present at both locations and 
varieties, such as Methylobacterium (UA FRS: 34.7% and Post: 33.5%), Sphingomonas (UA 
FRS: 10.9% and Post: 14.4%), Enterobacteriaceae_unclassified (UA FRS: 11.2% and Post: 7%), 
and Rhizobiales_unclassified (UA FRS: 9.6% and Post: 6.2%). 
Table grapes (UA FRS, Post, and UA AREC). Leaves from table grapes were collected at three 
locations, UA FRS, Post, and UA AREC. The leaf bacterial communities of table grapes 
clustered by location (Figure 4D) and were significantly different at the three locations (p-values 
< 0.05). Dissimilarities between the leaf bacterial profiles can already be observed at the phylum 
level (Figure 6) at the three locations and especially dissimilarities between bacterial profiles at 
UA FRS and Post as compared to UA AREC. Regardless of year and varieties of table grapes, 
leaves from UA AREC contained a smaller abundance of Proteobacteria (UA FRS: 80.5%, Post: 
68.7%, UA AREC: 16.6%) and a larger abundance of Firmicutes (UA FRS: 3.7%, Post: 5.7%, 
UA AREC: 38.6%) than leaves from UA FRS and Post. This decrease in Proteobacteria at UA 
AREC can be explained by the covered structure of the vineyard. At the genus level (Figure 10), 
the abundance of bacterial genera present on table grape leaves varied between locations and 
years. For instance, Methylobacterium was the major bacterial genus detected at Post (36.7 and 
15.3%, in 2016 and 2017, respectively) while it was detected at lower abundance at UA FRS 
(1.5% in 2016 and 5% in 2017), and present less than 1% at UA AREC (0.1% in 2016 and 0.4% 
in 2017). The bacterial profile was clearly specific to the locations and varied between years. In 
2016, the five most abundant genera (Table 4) at UA FRS were Pseudomonas (14.1%), Orbus 
(4.3%), Sphingomonas (4%), Xanthomonas (2.8%), and Pantoea (2%); at Post were 
Methylobacterium (36.7%), Sphingomonas (29%), Pseudomonas (2.45%), Pantoea (2.44%), and 
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Hymenobacter (1.5%); while at UA AREC were Alistipes (6.3%), Acinetobacter (4.2%), 
Pseudomonas (3.1%), Escherichia_Shigella (3%), and Bacteroides (2.8%). In 2017, relative 
abundances of bacteria varied, such as the important decrease of Pseudomonas and the increase 
of Gluconobacter at all three locations. In 2017, the five most abundant bacterial genera at UA 
FRS were Sphingomonas (10.4%), Methylobacterium (5%), Bacteroides (4.8%), Pseudomonas 
(3.8%), and Massila (2.3%); at Post were Methylobacterium (15.4%), Bacteroides (8.9%), 
Sphingomonas (7.3%), Gluconobacter (3.4%), and Arsenophonus (2%); while at UA AREC 
were Bacteroides (12%), Gluconobacter (4.7%), Barnsiella (3.4%), Acinetobacter (2.1%), and 
Gluconoacetobacter (2%).  
 As seen in previous studies the vineyard location was an important factor in bacterial 
genera distribution in leaves, however, the stronger factor was the year. 
Moreover, this study revealed the presence of a core bacterial microbiota in leaves that was 
present in different abundance in four of five locations. The fifth location was the grapevines 
grown under a high tunnel system that had distinct leaf bacterial communities.  
Variety impact on leaf microbiota 
 Each variety of grapes has leaves with specific shape and morphology and different 
physicochemical characteristics. These specific features can impact the phyllosphere microbial 
community structures. The bacterial communities of eight grape varieties were studied. 
The leaf bacterial communities of the eight grape varieties clustered together, with table grapes 
varieties (Faith and Gratitude) and wine grape varieties (Cabernet Sauvignon and Zinfandel) 
clustering slightly farther from the other varieties on the NMDS plot (Figure 5A). When 
observing the leaf bacterial communities by variety and location (Figure 5B), the leaf bacterial 
communities of Faith and Gratitude at UA FRS were clustered apart from the other locations and 
70 
 
varieties. The one-way ANOSIM, with Bonferroni corrected p-values revealed that the varieties 
at each location were not significantly different from each other. However, due to the difference 
in sample numbers and number of varieties at each location these statistics should be interpreted 
cautiously. 
Therefore, the leaf bacterial communities were studied by type of grape (wine, muscadine, and 
table grapes). 
Wine grapes (Cabernet Sauvignon, Zinfandel, Cynthiana, and Vignoles). Four different wine 
varieties, including Cabernet Sauvignon, Zinfandel, Cynthiana, and Vignoles were evaluated. 
The leaf bacterial communities of wine grapes clustered by varieties (Figure 5C) and Zinfandel 
cluster overlapped Cynthiana and Cabernet Sauvignon clusters. The one-way ANOSIM 
confirmed that the leaf bacterial communities of Zinfandel were not significantly different from 
Cabernet Sauvignon’s (p-value = 0.739) and Cynthiana’s (p-value = 0.07) but were different 
from Vignoles (p-value = 0.018). Cynthiana leaves were collected at two locations (Chateau aux 
Arc and Post) so in order to observe if the location impacted the leaf bacterial communities of 
Cynthiana, an NMDS plot was created by variety and location (Figure 5D). Cynthiana leaf 
bacterial communities clustered by location and overlapped. The statistical analysis confirmed 
that the leaf bacterial communities of Cynthiana at Post and Chateau aux Arc were not 
significantly different (p-value = 0.57). When comparing the leaf bacterial communities of 
Cabernet Sauvignon, Zinfandel, and Cynthiana from one location (Chateau aux Arc), leaf 
bacterial communities of Zinfandel and Cabernet Sauvignon overlapped, and while the leaf 
bacterial communities of Zinfandel were not significantly different from Cynthiana, Cynthiana 
and Cabernet Sauvignon were different and farther apart.  
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 These results can be correlated to their genetic similarities, Cabernet Sauvignon and 
Zinfandel are V. vinifera species and Cynthiana is a V. aestivalis. The impact of the plant 
genotype on the leaf microbiota was previously described in different plants (e.g., Pinus 
ponderosa, lettuce and maize) (Rastogi et al., 2013). Leaves from different varieties of 
grapevines have a different structure and produce different metabolites that will promote the 
growth of specific bacterial communities (Rastogi et al., 2013; Singh et al., 2019). Bokulich et al. 
(2014) observed specific microbial communities linked to three grape varieties (Cabernet 
Sauvignon, Chardonnay, and Zinfandel), implying that plant genotype and/or viticultural 
practices associated with these specific grape varieties are selection factors for the grape 
microbiota. They noticed a significant association between Zinfandel grapes and Gluconobacter, 
Lactobacilliales, and fermentative yeasts. Zinfandel berries have a thin skin and rupture easily, 
releasing more nutrients that stimulate microbial colonization by these specific microorganisms. 
In this study, Gluconobacter was present on Zinfandel leaves in 2016 (average relative 
abundance 0% for Cabernet Sauvignon and Cynthiana, 1.6% for Zinfandel). However, in 2017 0, 
0.4, and 1.5% relative abundance of Gluconobacter was found in Cabernet Sauvignon, 
Zinfandel, and Cynthiana leaves, respectively.  
 The bacterial profiles of the four wine grape varieties presented dissimilarities (Figure 8) 
but again a core bacterial microbiota was detected in the four wine grape varieties and in both 
years, including the bacterial genera Methylobacterium (Cabernet Sauvignon: 7.5%, Zinfandel: 
24%, Cynthiana Chateau aux Arc: 37.9%, Cynthiana Post: 47.8%, Vignoles: 23.8%) and 
Sphingomonas (Cabernet Sauvignon: 16.2%, Zinfandel: 18.6%, Cynthiana Chateau aux Arc: 
10.4%, Cynthiana Post: 14.5%, Vignoles: 30.5%). This is in accordance with previous studies in 
72 
 
which Methylobacterium and Sphingomonas were described as core, or common members of the 
phyllosphere microbiota regardless of the grape variety (Rastogi et al., 2013). 
Muscadine grapes (Carlos and Noble): Two muscadine varieties, Carlos and Noble, were 
analyzed in this study. The leaf bacterial communities of the two varieties of muscadines 
overlapped (Figure 5E), and the one-way ANOSIM confirmed they were not significantly 
different (p-value = 0.7). When observing in greater detail, by variety and location (Figure 5F), 
the leaf bacterial communities of Carlos and Noble clustered together by location. The one-way 
ANOSIM confirmed that the two muscadine varieties were not significantly different from each 
other at each location; however, they were different between the two locations. 
 The leaf bacterial profiles of Carlos and Noble presented slight dissimilarities at Post and 
at UA FRS during both years (Figure 9). Among bacteria with a relative abundance greater than 
1%, at UA FRS, Methylobacterium (Carlos: 40% and Noble: 29.5%) and 
Rhizobiales_unclassified (Carlos: 13.2% and Noble: 6%) were more abundant on Carlos leaves, 
whereas Noble leaves had more Massilia (Carlos: 11% and Noble: 16%) and Pseudomonas 
(Carlos: 1% and Noble: 5%). Surprinsigly, at Post, Carlos leaves revealed a larger abundance of 
Massilia (Carlos: 6.5% and Noble: 2.3%), Pseudonocardiaceae_unclassified (Carlos: 5.5% and 
Noble: 2.3%), Pseudomonas (Carlos: 1.5% and Noble: 0.5%), Microbacteriaceae_unclassified 
(Carlos: 3.1% and Noble: 1.1%), and Kineococcus (Carlos: 0.8% and Noble: 0.3%), whereas 
Noble leaves at Post contained greater relative abundance of Methylobacterium (Carlos: 25.5% 
and Noble: 42.5%), Enterobacteriaceae_unclassified (Carlos: 5.1% and Noble: 9%) and 
Arsenophonus (Carlos: 0.1% and Noble: 2.1%). Additionally, in 2017, Carlos leaves carried a 
larger abundance of Naxibacter (Carlos in 2017: 6.6% and Noble in 2017: 0.07%) (Appendix A 
Table 2). However, the leaf bacterial profile of the two muscadine varieties were similar with the 
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large relative abundance of Methylobacterium, Sphingomonas, Massilia, 
Rhizobiales_unclassified, detected in all muscadine samples (Figure 9 and Table 4), and 
presented larger dissimilarities between the two years or between the two locations than between 
varieties. 
Table grapes (Faith and Gratitude): Two varieties of table grapes, Faith and Gratitude, were 
analyzed. The leaf bacterial communities clustered by variety and overlapped (Figure 5G). The 
one-way ANOSIM confirmed that leaf bacterial communities were not significantly different 
between the two table grape varieties (p-value = 0.08). These two table grape varieties were 
sampled at three locations to observe if the leaf bacterial communities were significantly 
different. Also, at each location, an NMDS plot was created by clustering the leaf communities 
by location and variety (Figure 5H). The two varieties clustered together for each location with 
Faith and Gratitude at Post and UA AFRS further apart from Faith and Gratitude at UA AREC. 
The one-way ANOSIM confirmed that leaf bacterial communities were not significantly 
different between the two varieties at each location (p-values = 0.183, 1, and 1, for UA FRS, 
Post, and UA AREC, respectively). In addition, the statistical analysis confirmed that the leaf 
bacterial communities at UA AREC were significantly different from the other locations (p-
values < 0.05). The leaf bacterial profiles at the genus level (Figure 10) did not present major 
differences between the bacterial profiles of the two varieties at Post and UA AREC and this for 
both years. However, at UA FRS the two varieties had distinct bacterial profiles and for both 
years (Figure 10 and Appendix A Table 3). Overall for all locations and both years, a greater 
relative abundance of Methylobacterium was observed in Faith leaves, even at UA AREC where 
the relative abundance was less than 1% (UA FRS Faith: 5.1% and Gratitude: 1.4%; Post Faith: 
34.1% and Gratitude: 17.9%; UA AREC Faith: 0.6% and Gratitude: 0.2%). The five most 
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abundant bacterial genera varied significantly between the two table grape varieties at UA FRS 
but not at Post and UA AREC (Table 4). 
 Overall in this study, Methylobacterium and Sphingomonas were the most abundant 
bacterial genera found in the phyllosphere of all vineyards (and all varieties and both years) 
except for the high tunnel UA AREC. These two genera are frequently detected on plant leaves 
and are considered as major inhabitants of the phyllosphere (Compant et al., 2019; Knief, 
Ramette, Frances, Alonso-Blanco, & Vorholt, 2010; Leveau & Tech, 2011; Rastogi et al., 2013; 
Singh et al., 2019). Due to their pigmentation and to their DNA repair systems, 
Methylobacterium and Sphingomonas along with Pseudomonas, can survive ultraviolet (UV) 
radiation, and therefore colonize the phyllosphere microbiota. They possess proteins involved in 
stress resistance mechanisms (e.g., chaperones, superoxide dismutases, and catalases) that confer 
ability to adapt and survive in the phylloosphere environment (Rastogi et al., 2013). Moreover, 
Methylobacterium spp. are able to assimilate methanol that is produced by the leaf cells (Rastogi 
et al., 2013) and Sphingomonas spp. and Pseudomonas spp. have the ability to grow under low-
nutrient conditions (Leveau & Tech, 2011; Martins et al., 2013). These three genera are 
considered beneficial for plant health and growth (Compant et al., 2019; Pinto et al., 2014; 
Rastogi et al., 2013; Zarraonaindia et al., 2015). Their low relative abundance in leaves from UA 
AREC may be explained by the fact that the high tunnel structure limits the leaves exposure to 
UV lights and consequently other bacterial genera can easily grow and outcompete them on the 
leaves.  
 In conclusion, the growing year, location, and variety impacted leaf bacterial 
communities. The dominant leaf bacterial genera identified were Methylobacterium, 
Sphingomonas, Pseudomonas, but also Acinetobacter, Chryseobacterium, Curtobacterium, 
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Hymenobacter, Massilia, Pantoea, and Xanthomonas, and were frequently detected in the 
phyllosphere (Compant et al., 2019; Leveau & Tech, 2011; Martins et al., 2013). 
Soil bacterial communities 
 The bacterial taxonomic composition of soil samples included a total of 25 phyla and 444 
genera (data not shown here). Across all vineyards, the major soil bacterial phyla identified were 
Acidobacteria (25.2%) and Proteobacteria (23.6%), followed by Verrucomicrobia (9.4%), 
Bacteroidetes (5.3%), Actinobacteria (3.5%), Planctomycetes (2.8%), and Gemmatimonadetes 
(1.3%). The sum of the remaining 18 phyla correspond to 3.9% of the total bacterial phyla. No 
significant changes were observed between the two years (Figure 14). These seven main 
bacterial phyla often dominate the soil environment (Compant et al., 2019). For instance, Coller 
et al. (2019) found that the dominant bacterial phyla in vineyard soils from the Trentino 
province, Italy, were Acidobacteria (22.7%), followed by Proteobacteria (18.8%), and 
Actinobacteria (16.5%). While in other studies the percentage of main phyla varies. 
Proteobacteria was previously found as a major bacterial phylum in vineyard soils (Berlanas et 
al., 2019; Gupta et al., 2019). The abundance of members of the Proteobacteria phylum in soil 
environments can be explained by their role in the carbon, nitrogen, and sulfur cycling (Berlanas 
et al., 2019; Castañeda & Barbosa, 2017). Berlanas et al. (2019) found that Proteobacteria was 
the main phylum present in rootstocks sampled in two vineyards in Spain (26.1 and 28.1%), in 
addition to Actinobacteria (24.1 and 18.5%), Acidobacteria (13.7 and 16.4%), 
bacteria_unclassified (11.4 and 11.7%), and Bacteroidetes (5.2 and 6.1%). Castañeda & Barbosa 
(2017) found that the major phyla in forests and vineyard soils in Chile were Proteobacteria 
(45%), Actinobacteria (20%), Acidobacteria (5%), Bacteroidetes (3%), Firmicutes (3%), 
Planctomycetes (3%), and Verrucomicrobia (2%). Novello et al. (2017) identified Actinobacteria 
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as the major phylum (> 50%) followed by Proteobacteria in V. vinifera cv. Pinot Noir 
rhizosphere. In this present study, Actinobacteria was found at a lower abundance (3.5%) 
compared to the abundance of Proteobacteria (23.6%) and Acidobacteria (25.2%).   
 A larger relative abundance of Bacteria_unclassified was detected in soil samples (25%) 
than in leaf samples (1.4%) As previously suggested by Coller et al. (2019), these data highlight 
the underrepresentation of soil microbiota in sequence databases.   
 The Shannon diversity indices (Figure 2), NMDS plots (Figures 11, 12, and 13), and the 
bacterial communities distribution at the phylum (Figure 14) and genus (Figures 15, 16, 17, and 
18) levels were presented for the soil samples. 
Year impact on soil microbiota 
 The bacterial diversity in soil samples collected in 2016 was not significantly different 
from the soil bacterial diversity in 2017 (Figure 2B). The soil bacterial communities clustered by 
year, and the two clusters overlapped on the NMDS plot (Figure 11A). When comparing soil 
bacterial communities by year and location (Figure 11B), the one-way ANOSIM confirmed that 
soil bacterial communities of 2016 and 2017 at UA FRS, UA AREC, and Keels Creek were not 
significantly different (p-values = 1, 0.117, and 1, respectively). However, the soil bacterial 
communities at Chateau aux Arc and Post varied between 2016 and 2017 (p-values = 0.036 and 
0.0045, respectively).  
 The relative abundance of bacterial phyla in soil samples were similar between the two 
years and at five locations, compared to the leaves in which the year and vineyard location had a 
significant impact on leaf bacterial communities (Figure 14). The relative abundance of the seven 
most abundant phyla, namely Acidobacteria (25.6 and 24.9% in 2016 and 2017, respectively), 
Proteobacteria (25 and 22.3% in 2016 and 2017, respectively), Verrucomicrobia (8.9 and 9.9% in 
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2016 and 2017, respectively), Bacteroidetes (5.2 and 5.4% in 2016 and 2017, respectively), 
Actinobacteria (3.2 and 3.7% in 2016 and 2017, respectively), Planctomycetes (3 and 2.7% in 
2016 and 2017, respectively), and Gemmatimonadetes (1.1 and 1.4% in 2016 and 2017, 
respectively) did not vary significantly between the two years. 
 The bacterial profile at the genus level of soil samples collected at each vineyard did not 
vary significantly from one year to another (Figure 15). The most abundant bacteria present in all 
five locations, during the two years were members of the Acidobacteria-Gp6 (8%), 
Acidobacteria-Gp4 (7.8%), Verrucomicrobia_unclassified (4.5%), Spartobacteria_unclassified 
(4%), Betaproteobacteria_unclassified (3.7%), Acidobacteria-Gp1 (2.1%), and 
Bacteroidetes_unclassified (2%) (Figure 15). The major difference between the two years 
observed in a majority of samples was the larger relative abundance of Pseudomonas in 2016 
(5.5% in 2016 and 0.2% in 2017). The relative abundance of Pseudomonas was particularly 
greater in 2016 at UA AREC (15.3%) compared to Chateau aux Arc and UA FRS (3.3%), Post 
(5.7%), and Keels Creek (0.5%). 
Wine grapes. The soil bacterial communities of wine grapes clustered by year (Figure 11C), and 
the one-way ANOSIM confirmed that they were significantly different in 2016 and 2017. When 
analyzing the soil bacterial communities of wine grapes by year and location (Figure 11D), the 
one-way ANOSIM confirmed that soil bacterial communities of wine grapes from Post and 
Keels Creek were not significantly different in 2016 and 2017 (p-values = 1 for both locations), 
while from Chateau aux Arc, they varied between the two years (p-value = 0.003). However, the 
number of samples per year varied between Keels Creek (n =3) and Post (n = 3) compared to 
Chateau aux Arc (n = 9), therefore the statistical analysis might be biased. 
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 The soil bacterial profiles at the genus level were similar between the two years at Post 
and Keels Creek, but changed slightly at Chateau aux Arc (Figure 16). The most abundant 
bacterial genera at Keels Creek and Post did not vary significantly in 2016 and 2017 (Figure 16 
and Table 5). At Chateau aux Arc, the major difference was the greater relative abundance of 
Pseudomonas in 2016 in Cabernet Sauvignon (2.7% in 2016 compared to 0.1% in 2017) and 
Cynthiana (6.7% in 2016 compared to 0.07% in 2017) soil, while in Zinfandel soil the major 
difference was the larger relative abundance of Acidobacteria_Gp1 in 2016 (6.1%) than in 2017 
(1.9%). 
Muscadine grapes. The soil bacterial communities of muscadines clustered by year and the two 
clusters overlapped (Figure 11E). The statistical analysis confirmed that the soil bacterial 
communities of muscadines did not vary significantly between the two years. However, when 
observing the soil bacterial communities per year and location (Figure 11F), the soil bacterial 
communities at UA FRS in 2016 and 2017 overlapped, while the soil bacterial communities in 
2016 and 2017 at Post clustered apart. The one-way ANOSIM confirmed that the soil bacterial 
communities of muscadines at UA FRS did not vary significantly between the two years, while 
at Post they varied. 
The bacterial profiles at UA FRS did not vary substantially from 2016 and 2017 at UA FRS, 
while at Post a greater relative abundance of Pseudomonas was noticed in 2016 (5.8% in 2016 
compared to 0.2% in 2017) (Figure 17 and Appendix A Table 5). Regardless of the muscadine 
varieties, the five most abundant bacterial genera at UA FRS in 2016 remained the same in 2017, 
namely Acidobacteria_Gp1 (6.5%), Acidobacteria_Gp2 (6.1%), Acidobacteria_Gp6 (3.7%), 
Acidobacteria_Gp3 (2.9%), and Acidobacteria_Gp4 (2.9%). At Post, the five most abundant 
bacterial genera, regardless of the muscadine varieties, varied between the two years. In 2016, 
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the five most abundant genera were Acidobacteria_Gp4 (11.1%), Acidobacteria_Gp6 (9.8%), 
Pseudomonas (5.8%), Flavobacterium (2.2%), and Massilia (1.2%), while in 2017, 
Acidobacteria_Gp6 (10.9%), Acidobacteria_Gp4 (9.6%), Nitrospira (1.64%), 
Acidobacteria_Gp3 (1.2%), and Acidobacteria_Gp16 (0.9%) were the most abundant bacterial 
genera present in the soil. 
Table grapes. The soil bacterial communities of table grapes significantly differed between the 
two years (p-value = 0.0001) (Figure 11G) and between the two years at each location (p-values 
= 0.0315, 0.0255, and 0.0315, for UA FRS, UA AREC, and Post, respectively) (Figure 11H). 
The main dissimilarity observed between the two years on the soil bacterial profiles at the genus 
level (Figure 18) was the greater relative abundance of Pseudomonas in 2016 for the three 
locations (UA FRS: 6.5 and 0.4%, Post: 8.3 and 0.3%, and UA AREC: 15.3 and 0.3%, in 2016 
and 2017, respectively). The relative abundance of the other most abundant bacterial genera was 
similar between the two years for the three locations and for the two varieties (Figure 11G, Table 
5, and Appendix A Table 6).  
 In summary, the soil microbiota was mainly conserved between the two growing seasons. 
Apart from the higher relative abundance of Pseudomonas in 2016, the year did not have an 
important impact on the bacterial communities’ distribution in soil samples which is in apparent 
contrast with the results for the leaf samples previously described.  
Location impact on soil microbiota 
 The soil bacterial communities were clustered by location, and the UAFRS cluster 
seemed to overlap almost all the other clusters (Figure 12A). The one-way ANOSIM revealed 
that the soil bacterial communities at UAFRS were not significantly different from the other 
locations except from Post (p-value = 0.001). The soil bacterial communities at Chateau aux Arc 
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were significantly different from UA AREC, Post, and Keels Creek’s (p-values = 0.001, 0.006, 
and 0.048, respectively). The soil bacterial communities at UA AREC were also significantly 
different from Chateau aux Arc, Post, and Keels Creek (p-values = 0.001, 0.001, and 0.002, 
respectively). The soil bacterial communities at Post were significantly different from UA FRS, 
UA AREC, and Chateau aux Arc (p-values = 0.001, 0.001, and 0.006, respectively) but were 
similar to Keels Creek (p-value = 0.108). Since the grape variety can have an impact on the soil 
bacterial communities’ distribution and relative abundance, the location was studied by type of 
grapes. 
Wine grapes (Chateau aux Arc, Post, and Keels Creek). The soil bacterial communities of wine 
grapes at Post and Chateau aux Arc overlapped and clustered apart from Keels Creek (Figure 
12B). The one-way ANOSIM confirmed that the soil bacterial communities at Post and Chateau 
aux Arc were not significantly different from one another (p-value =1) but were different from 
Keels Creek (p-values = 0.02 and 0.006 for Chateau aux Arc and Post, respectively). The soil 
bacterial profiles of wines grapes varied between the three locations mainly between bacteria of 
lower relative abundance (Figure 16). The five most abundant bacteria were present at the three 
locations at similar relative abundances, namely Acidobacteria_Gp6 (Chateau aux Arc: 7.8%, 
Post: 10%, Keels Creek: 11.1%), Acidobacteria_Gp4 (Chateau aux Arc: 8.6%, Post: 10.2%, 
Keels Creek: 7.7%), Verrucomicrobia_unclassified (Chateau aux Arc: 3.9%, Post: 3.7%, Keels 
Creek: 3.7%), Spartobacteria_unclassified (Chateau aux Arc: 4.9%, Post: 3.5%, Keels Creek: 
8.8%), Betaproteobacteria_unclassified (Chateau aux Arc: 3.8%, Post: 5%, Keels Creek: 3.6%). 
The main dissimilarities between Chateau aux Arc compared to Post and Keels Creek were the 
greater relative abundances of Pseudomonas (1.7% at Chateau aux Arc compared to 0.3% at Post 
and Keels Creek), due to its important presence in 2016 in Cabernet Sauvignon and Cynthiana 
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soil, and Acidobacteria_Gp1 (2.7% at Chateau aux Arc compared to 0.8 and 0.3% at Post and 
Keels Creek, respectively) at Chateau aux Arc. 
Muscadine grapes (UA FRS and Post). The soil bacterial communities of muscadine grapes of 
the two locations clustered apart (Figure 12C) and were significantly different between the two 
locations (p-value = 0.0001). The soil bacterial distribution at the genus level was significantly 
different between the two locations, for both years (Figure 17). For instance, Acidobacteria-Gp1 
(6.5% at UA FRS and 0.6% at Post) and Acidobacteria-Gp2 (6.1% at UA FRS and 0.5% at Post) 
were found at a greater relative abundance at UA FRS, while greater relative abundances of 
Acidobacteria-Gp4 (2.9% at UA FRS and 10.3% at Post) and Acidobacteria-Gp6 (3.7% at UA 
FRS and 10.4% at Post) were detected at Post. Moreover, the relative abundance of 
Pseudomonas was greater at Post in 2016 (5.8%) compared to the one at UA FRS in 2016 
(0.1%). 
Table grapes (UA FRS, Post, and UA AREC). The soil bacterial communities of table grapes 
from the three locations seemed to overlap on the NMDS plot (Figure 12D) but the statistical 
analysis revealed that the soil bacterial communities were significantly different at the three 
locations (p-values < 0.05). The soil bacterial profiles at the genus level presented dissimilarities 
between the three locations mainly between the bacterial relative abundances than bacterial 
community composition (Figure 18). The most abundant bacterial genera were found at the three 
locations (Table 5). 
 In summary, this study revealed that the soil bacterial communities differed between the 
five sampling locations but mainly differed in bacterial relative abundances. Acidobacteria-Gp6 
and Acidobacteria-Gp4 were the two most abundant bacterial genera found at each location and 
represented together 16.4, 19.7, 10.5, 14.3, and 18.8% of the total bacterial communities detected 
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at Chateau aux Arc, Post, UA FRS, UA AREC, and Keels Creek, respectively. Bacterial genera 
of lower relative abundances such as, Acidobacteria-Gp1, Acidobacteria-Gp2, Acidobacteria-
Gp3, Gemmatimonas, Acidobacteria-Gp7, Nitrospira, Acidobacteria-Gp16, Planctomyces, 
Flavobacterium, Acidobacteria-Gp13, Burkholderia, Massilia, and Phenylobacterium were also 
found at each location. These bacterial genera were frequently detected in soil samples (Coller et 
al., 2019; Gu et al., 2017; Gupta et al., 2019; Martins et al., 2013) and might constitute a core 
microbiota for vineyard soil in Arkansas. Moreover, compared to the leaf samples, the soil 
microbiota at UA AREC was not significantly different than the other locations. These results 
imply that the high tunnel structure did not have an impact on the soil bacterial communities, 
while it altered the leaf bacterial genera distribution.  
 Intriguingly, differences in SOM and soil type (Table 3) did not seemed to impact the soil 
bacterial community composition and relative abundance. It would have been expected to find 
different composition of bacterial community at Keels Creek where the SOM percentage was 
higher compared to the other locations, and thus, contains more nutrients selecting specific soil 
microbiota. Since a large proportion of unclassified bacteria at the genus level were obtained the 
dissimilarities in bacterial communities might occur between these unclassified genera or 
between the bacterial genera occurring at a lower relative abundance < 1% that were not 
evaluated in this study. 
Variety impact on soil microbiota  
 The soil bacterial communities were clustered by variety (Figure 13A) and variety and 
location (Figure 13B). The clusters overlapped and except for muscadine Noble at UAFRS, 
seemed close to each other. However, due to the difference in number of samples and type of 
grape variety present at each location, these NMDS plots and statistical analysis should be 
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interpreted cautiously. For this reason, the soil bacterial communities were analyzed by type of 
grape variety. 
Wine grapes (Cabernet Sauvignon, Zinfandel, Cynthiana, and Vignoles). The soil bacterial 
communities of Cabernet Sauvignon, Zinfandel, and Cynthiana overlapped and clustered apart 
from Vignoles on the NMDS plot (Figure 13C). The one-way ANOSIM confirmed that the soil 
bacterial communities of Cabernet Sauvignon, Zinfandel, and Cynthiana were not significantly 
different, while the soil bacterial communities of Vignoles were significantly different from the 
other three varieties (p-value = 0.0138, 0.0012, and 0.0126, for Cabernet Sauvignon, Cynthiana, 
and Zinfandel, respectively). When comparing the soil bacterial communities by variety and 
location (Figure 13D), Vignoles were still significantly different from the other varieties, and a 
distinction was made between Cynthiana from Post and from Chateau aux Arc. The soil bacterial 
communities of Cabernet Sauvignon, Zinfandel, and Cynthiana from Chateau aux Arc were not 
significantly different from each other (p-values > 0.05); however, the bacterial communities of 
Cynthiana from Post were significantly different from Cynthiana (p-value = 0.021) and 
Zinfandel (p-value = 0.029) from Chateau aux Arc but not from Cabernet Sauvignon (p-value = 
0.185). The soil bacterial profiles did not vary substantially between the four wine grape varieties 
at each location and year (Figure 16). The most abundant bacterial genera were similar between 
the varieties and included Acidobacteria_Gp6 (Cabernet Sauvignon: 9.9%, Zinfandel: 5.9%, 
Cynthiana Chateau aux Arc: 7.7%, Cynthiana Post: 10%, and Vignoles: 11.1%), 
Acidobacteria_Gp4 (Cabernet Sauvignon: 10.7%, Zinfandel: 8.1%, Cynthiana Chateau aux Arc: 
7%, Cynthiana Post: 10.2%, and Vignoles: 7.7%), Gemmatimonas (Cabernet Sauvignon: 1.3%, 
Zinfandel: 1.5%, Cynthiana Chateau aux Arc: 1.6%, Cynthiana Post: 2.1%, and Vignoles: 1.1%), 
and Acidobacteria_Gp7 (Cabernet Sauvignon: 1.1%, Zinfandel: 1.7%, Cynthiana Chateau aux 
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Arc: 1.6%, Cynthiana Post: 1.4%, and Vignoles: 1.1%) (Figure 16, Table 5 and Appendix A 
Table 4). The relative abundance of Pseudomonas, as seen previously, was higher in 2016 for all 
wine grape varieties, but was smaller than 1% in 2016 in Zinfandel (0.5%), Cynthiana from Post 
(0.5%), and Vignoles (0.5%). 
Muscadines (Carlos and Noble): The soil bacterial communities of Noble and Carlos were not 
significantly different from each other (p-value = 0.06) (Figure 13E). However, when observing 
in greater detail the soil bacterial communities of muscadines by variety and location (Figure 
13F), the NMDS plots showed that while the bacterial communities of Carlos and Noble at Post 
overlapped, at UA FRS they clustered apart. The statistical analysis confirmed that the soil 
bacterial communities of Carlos and Noble at Post did not vary significantly (p-value = 0.73) 
while at UA FRS they were significantly different (p-value = 0.003). The soil bacterial profiles 
of Carlos and Noble were similar at Post for both years, while at UA FRS they were slightly 
different (Figure 17). At UA FRS regardless of the year, Carlos soil carried greater relative 
abundance of Acidobacteria-Gp4 (Carlos: 5.5% and Noble: 0.4%), Acidobacteria-Gp7 (Carlos: 
1.9% and Noble: 0.4%), Nitrospira (Carlos: 1.1% and Noble: 0.1%), Gemmatimonas (Carlos: 
1.2% and Noble: 0.4%), Acidobacteria-Gp6 (Carlos: 4.9% and Noble: 2.4%), 
Spartobacteria_unclassified (Carlos: 4% and Noble: 2%), and Betaproteobacteria_unclassified 
(Carlos: 3.4% and Noble: 1.8%), whereas Noble soil hosted a greater abundance of 
Acidobacteria-Gp2 (Carlos: 2.8% and Noble: 9.5%), Acidobacteria-Gp1 (Carlos: 3.7% and 
Noble: 9.2%), Actinomycetales_unclassified (Carlos: 0.7% and Noble: 1.6%), 
Ktedonobacteria_unclassified (Carlos: 0.7% and Noble: 1.8%), Burkholderia (Carlos: 0.4% and 
Noble: 1.4%), and Acidobacteria_Gp13 (Carlos: 0.7% and Noble: 1.5%). At Post, the bacterial 
profiles and the relative abundance of the bacterial communities did not vary significantly 
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between Carlos and Noble soil. These results are surprising considering that at UA FRS, Carlos 
and Noble grapevines were located in a same row and were only few feet away from each other, 
while the distance between the two cultivars at Post was significantly longer (about 20 m). One 
hypothesis that may explain the soil microbiota variation in this reduced space is the presence of 
two other muscadine cultivars (Tara and Nesbitt) between them in this row and other grapevine 
cultivars in the surrounding rows. At Post, several rows of only Carlos and Noble grapevines 
were growing in the chosen sampling area. This suggests that the grapevine diversity impacts the 
soil microbiota and that distinct grapevine varieties can modulate the rhizosphere bacterial 
communities, as seen in previous studies (Berlanas et al., 2019). 
Table grapes (Faith and Gratitude): The soil bacterial communities of Faith and Gratitude 
overlapped (Figure 13G), and the one- way ANOSIM confirmed that they were not significantly 
different (p-value = 0.49). Moreover, when observing the soil bacterial communities by variety 
and location (Figure 13H), the bacterial communities of Faith and Gratitude overlapped at each 
location. The statistical analysis confirmed that the soil bacterial communities were not 
significantly different at Post (p-value = 1), UA FRS (p-value = 0.52) and UA AREC (p-value = 
1). The soil bacterial profiles presented no major differences between the two varieties at each 
location (Figure 18). Regardless of the year, the relative abundances of few bacteria varied 
between the two table grape varieties, such as Actinomycetales_unclassified (Faith: 0.4% and 
Gratitude: 1.1%) at UAFRS, Acidobacteria_Gp1 (Faith: 0.6% and Gratitude: 1.3%) at Post, and 
Acidobacteria_Gp3 (Faith: 1.4% and Gratitude: 2.4%) and Nitrospira (Faith: 0.6% and 
Gratitude: 1.1%) at UA AREC. 
Overall, the grape variety did not have an important effect on the soil bacterial communities’ 
distribution and relative abundance. 
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Overall comparison of leaf and soil microbiota in vineyards 
 The soil bacterial profile was similar for all five locations, all eight varieties, and both 
years, while the leaf bacterial communities varied between the two years, the locations, and 
varieties. Soil bacterial profile was conserved partially in the Arkansas vineyards during the two 
sampling years. 
 For both leaf and soil samples, a specific core microbiota was observed. The main 
bacteria present in soil were Acidobacteria-Gp6, Acidobacteria-Gp4, 
Verrucomicrobia_unclassified, Betaproteobacteria_unclassified, Pseudomonas, and 
Acidobacteria-Gp1, whereas in leaves the major bacteria were Methylobacterium, 
Sphingomonas, Comamonadaceae_unclassified, Enterobacteriaceae_unclassified, 
Pseudomonas, and Porphyromonadaceae_unclassified. More than 76% of the leaf bacterial 
communities were shared with the soil (Figure 19). This is in accordance to other studies that 
consider the soil microbiota as a reservoir for epiphyte compositions.  
 Moreover, for both leaf and soil samples a larger relative abundance of Pseudomonas was 
detected in 2016. This decrease may be due to temperature and rainfall in 2017 (Appendix Figure 
1). Grape berry growth occurs from late spring to harvest (May-August), so the lower 
temperatures and higher rainfall in 2017 as compared to 2016 could have impacted vineyard 
microbiota distribution and relative abundance. Bokulich et al. (2014) found that lower net 
precipitation associated strongly with Pseudomonadales and lower maximum temperatures 
associated negatively with Pseudomonas in Chardonnay musts. It was also demonstrated that the 
presence of copper in soils, mostly derived from vines spray treatments, decrease the abundance 
and diversity of Pseudomonas in rhizosphere (Brandt, Petersen, Holm, & Nybroe, 2006; Ellis et 
al., 2002). Since here the relative abundance of Pseudomonas decreased in all vineyards and that 
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the vineyard management practices are different for all locations, the first hypothesis (weather 
effect) seems more likely. 
 A larger relative abundance of Bacteria_unclassified was detected in soil samples than in 
leaf samples (25% and 1.4% for soil and leaf samples, respectively). As previously suggested by 
Coller et al. (2019), these data highlight the underrepresentation of soil microbiota in sequence 
databases.   
Conclusion 
 Leaf and soil bacterial communities of wine, muscadine, and table grapes across five 
vineyards located in Arkansas in 2016 and 2017 were characterized using 16S rRNA gene HTS 
to detect the impacts of year, vineyard location, and variety. The presence of a specific leaf and 
soil core microbiota were revealed. The soil bacterial communities were similar between the two 
years and locations, while the leaf bacterial communities varied between years, locations, and 
varieties. A similar increase in relative abundance of Pseudomonas was observed in both leaf 
and soil samples in 2016 at each location, suggesting that an environmental factor (temperature 
or precipitation) promoted Pseudomonas growth. The bacterial diversity was greater in soil 
samples, and 76% of leaf microbiota was present in the soil. The two most abundant bacterial 
genera found in leaf samples were Methylobacteria and Sphingomonas for all the vineyards 
except for the high tunnel system that carried different microbial communities. The most 
abundant bacteria in soil samples were Acidobacteria-Gp4 and Acidobacteria-Gp6 without any 
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Table 1. Soil and leaf sampling dates of grape varieties at different commercial and 
experimental vineyardsa in Arkansas (2016 and 2017). 
 
 
aVineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 
UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC 
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Table 2. Number of vines for leaf sampling per replicate (3 replicates of 8 – 10 leaves per 
variety and per year) of grape varieties at different commercial and experimental 
vineyardsa in Arkansas (2016 and 2017). 
 
 
aVineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau Aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 
UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC 







Vines per replicate in vineyards 






















    







































Table 3. Organic matter percentage of soil collected from table grape varieties at different 
commercial and experimental vineyardsa in Arkansas (2016 and 2017).  
 
 
 aVineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau Aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 
UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC 
(University of Arkansas Agricultural Research and Extension Center in Fayetteville, AR). The 




Year Vineyard Grape type Grape variety Soil type Organic Matter (%) σ
Post Cynthiana
Linker fine sandy loam (fine-loamy, siliceous, semi 








Arkana-Eldon complex (clayey-skeletal, mixed, active, 
mesic Mollic Paleudalf) and Arkana-Moko complex 




Linker fine sandy loam (fine-loamy, siliceous, semi 








Arkana-Eldon complex (clayey-skeletal, mixed, active, 
mesic Mollic Paleudalf) and Arkana-Moko complex 



























Linker fine sandy loam (fine-loamy, siliceous, semi 




Linker fine sandy loam (fine-loamy, siliceous, semi 





Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult) 
UA FRS 
Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult) 
2017
Post
Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult)
UA FRS 
Linker fine sandy loam (fine-loamy, siliceous, semi 




Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult) 
UA FRS 
Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult) 
UA AREC




Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult)
UA FRS 
Linker fine sandy loam (fine-loamy, siliceous, semi 
active, thermic Typic Hapludult) 
UA AREC







Table 4. Five most abundant bacterial genera with a relative abundance (> 1%) identified in leaves from different commercial 












CABERNET Pseudomonas Massilia Sphingomonas Methylobacterium Bacteroides
ZINFANDEL Methylobacterium Pseudomonas Sphingomonas Xanthomonas Massilia
CYNTHIANA Methylobacterium Pseudomonas Massilia Sphingomonas Acinetobacter
CABERNET Sphingomonas Pseudomonas Massilia Methylobacterium Bacteroides
ZINFANDEL Sphingomonas Pseudomonas Methylobacterium Massilia Xanthomonas
CYNTHIANA Methylobacterium Sphingomonas Massilia Hymenobacter Gluconobacter
CYNTHIANA POST 2016 Methylobacterium Sphingomonas Curtobacterium Hymenobacter Pseudomonas








Sphingomonas Methylobacterium Aurantimonas Hymenobacter Pseudomonas
CARLOS Methylobacterium Massilia Sphingomonas Curtobacterium Pseudomonas
NOBLE Methylobacterium Massilia Sphingomonas Pseudomonas Hymenobacter
CARLOS Methylobacterium Sphingomonas Massilia Curtobacterium Escherichia_Shigella
NOBLE Methylobacterium Massilia Sphingomonas Pseudomonas Hymenobacter
CARLOS Methylobacterium Sphingomonas Hymenobacter Massilia Pseudomonas
NOBLE Methylobacterium Sphingomonas Hymenobacter Massilia Aurantimonas
CARLOS Sphingomonas Methylobacterium Massilia Naxibacter Hymenobacter

























Relative abundance (> 1%) recovered in leaf samples at each sampling locality, in 2016 and 2017. Post (Post Vineyards and Winery in 
Altus, AR), Chateau aux Arc (Chateau aux Arc Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka 
Springs, AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas 
Agricultural Research and Extension Center in Fayetteville, AR).  
In bold genera with a relative abundance > 1%, genera that are not bold were identified at a relative abundance < 1%. Unclassified at 
the genus level of which there were large proportions (see Appendix A Tables 1, 2, and 3) were not included. 
  
LOCATION
FAITH Pseudomonas Orbus Sphingomonas Curtobacterium Massilia
GRATITUDE Pseudomonas Xanthomonas Pantoea Sphingomonas Acinetobacter
FAITH Sphingomonas Bacteroides Methylobacterium Curtobacterium Pseudomonas
GRATITUDE Sphingomonas Xanthomonas Pseudomonas Massilia Methylobacterium
FAITH Methylobacterium Sphingomonas Hymenobacter Pseudomonas Curtobacterium
GRATITUDE Methylobacterium Sphingomonas Pantoea Pseudomonas Xanthomonas
FAITH Methylobacterium Sphingomonas Bacteroides Gluconobacter Acinetobacter
GRATITUDE Methylobacterium Bacteroides Sphingomonas Arsenophonus Gluconobacter
FAITH Alistipes Bacteroides Acinetobacter Escherichia_Shigella Pseudomonas
GRATITUDE Pseudomonas Acinetobacter Escherichia_Shigella Alistipes Lactobacillus
FAITH Bacteroides Gluconobacter Barnesiella Acinetobacter Odoribacter

















Table 5. Five most abundant bacterial genera with a relative abundance (> 1%) identified in soil from different commercial 















































































































VARIETY 5 MOST ABUNDANT BACTERIA IN SOIL
WINE GRAPES 
CHATEAU 



















































































































Table 5. (Cont.) 
Relative abundance (> 1%) recovered in soil samples at each sampling locality, in 2016 and 2017. Post (Post Vineyards and Winery in 
Altus, AR), Chateau aux Arc (Chateau aux Arc Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka 
Springs, AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas 
Agricultural Research and Extension Center in Fayetteville, AR). In bold genera with a relative abundance > 1%, genera that are not 
bold were identified at a relative abundance < 1%. Unclassified at the genus level of which there were large proportions (see Appendix 

































































































































Figure 1. Map of Arkansas showing the American Viticultural Area (AVA) and the 
vineyard locations for leaf and soil sampling in 2016 and 2017.  
Vineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 
UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC 







Figure 2. Boxplot illustrating the differences in Shannon diversity indices of the bacterial 
communities in (A) leaf and (B) soil samples of grapes varieties at different commercial and 
experimental vineyards in Arkansas (2016 and 2017).  
Letters indicate significant differences (Mann-Whitney, Bonferroni-corrected p-value, significant 






Figure 3. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of leaf samples at the genus level of 
all grapes (A, B), wine grapes (C, D), muscadine grapes (E,F), and table grapes (G, H) at 
different commercial and experimental vineyards in Arkansas (2016 and 2017), by year (A, 
C, E, G) and by year and location (B, D, F, H). 
(A, C, E, G) blue: 2016, red: 2017, filled circle: UA FRS, circle: Post, triangle: Chateau aux Arc, 
diamond: Keels Creek, and cross: UA AREC.  
(B, D, F, H) blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: 






Figure 4. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of leaf samples at the genus level of 
all grapes (A), wine grapes (C), muscadine grapes (E), and table grapes (G) at different 
commercial and experimental vineyards in Arkansas (2016 and 2017), by location. 
(A, B, C, D): blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: 






Figure 5. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of leaf samples at the genus level of 
all grapes (A, B), wine grapes (C, D), muscadine grapes (E,F), and table grapes (G, H) at 
different commercial and experimental vineyards in Arkansas (2016 and 2017), by variety 
(A, C, E, G) and by variety and location (B, D, F, H). 
Blue: Cabernet Sauvignon (CA), light blue: Zinfandel (Z), purple: Cynthiana (CY), red: Carlos 
(C), green: Noble (N), brown: Faith (F), black: Gratitude (G), triangle: Chateau aux Arc (CH), 
filled circle: UA FRS, diamond: Keels Creek (KC), circle: Post, cross: UA AREC. (B, D, F, H) 
blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: Keels Creek 








Figure 6. Bacterial community distribution at the phylum level recovered in leaf samples from five commercial and 
experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance recovered in leaf samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, AR), 
Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR), UA FRS 
(University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural Research and 








Figure 7. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in leaf samples from five 
commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR), UA FRS 
(University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural Research and 
Extension Center in Fayetteville, AR). Where the assignment to the genus rank failed, the nearest taxonomic level with assignment 







Figure 8. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in leaf samples from wine 
grape samples from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR). 







Figure 9. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in leaf samples from 
muscadine grapes from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR). 







Figure 10. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in leaf samples from table 
grapes from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 
Research and Extension Center in Fayetteville, AR). Where the assignment to the genus rank failed, the nearest taxonomic level with 






Figure 11. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of soil samples at the genus level of 
all grapes (A, B), wine grapes (C, D), muscadine grapes (E,F), and table grapes (G, H) at 
different commercial and experimental vineyards in Arkansas (2016 and 2017), by year (A, 
C, E, G) and by year and location (B, D, F, H). 
(A, C, E, G) blue: 2016, red: 2017, filled circle: UA FRS, circle: Post, triangle: Chateau aux Arc, 
diamond: Keels Creek, and cross: UA AREC.  
(B, D, F, H) blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: 




Figure 12. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of soil samples at the genus level of 
all grapes (A), wine grapes (C), muscadine grapes (E), and table grapes (G) at different 
commercial and experimental vineyards in Arkansas (2016 and 2017), by location. 
(A, B, C, D): blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: 




Figure 13. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the bacterial community structures of soil samples at the genus level of 
all grapes (A, B), wine grapes (C, D), muscadine grapes (E,F), and table grapes (G, H) at 
different commercial and experimental vineyards in Arkansas (2016 and 2017), by variety 
(A, C, E, G) and by variety and location (B, D, F, H). 
Blue: Cabernet Sauvignon (CA), light blue: Zinfandel (Z), purple: Cynthiana (CY), red: Carlos 
(C), green: Noble (N), brown: Faith (F), black: Gratitude (G), triangle: Chateau aux Arc (CH), 
filled circle: UA FRS, diamond: Keels Creek (KC), circle: Post, cross: UA AREC. 
(B, D, F, H) blue triangle: Chateau aux Arc (CH), red filled circle: UA FRS, orange diamond: 








Figure 14. Bacterial community distribution at the phylum level recovered in soil samples from five commercial and 
experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance recovered in soil samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, AR), 
Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR), UA FRS 
(University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural Research and 







Figure 15. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in soil samples from five 
commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in soil samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR), UA FRS 
(University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural Research and 
Extension Center in Fayetteville, AR). Where the assignment to the genus rank failed, the nearest taxonomic level with assignment 








Figure 16. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in soil samples from wine 
grape samples from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in soil samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), Chateau (Chateau aux Arc Vineyards and Winery in Altus, AR), KC (Keels Creek Winery in Eureka Springs, AR). 










Figure 17. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in soil samples from 
muscadine grapes from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in soil samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR). Where the assignment to the genus rank failed, the 








Figure 18. Bacterial community distribution at the genus level (relative abundance > 1%) recovered in soil samples from table 
grapes from five commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in soil samples at each location, in 2016 and 2017. Post (Post Vineyards and Winery in Altus, 
AR), UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 
Research and Extension Center in Fayetteville, AR). Where the assignment to the genus rank failed, the nearest taxonomic level with 







Figure 19. Venn Diagram illustrating the overlap of the operational taxonomic units 
identified in the bacterial microbiota between leaf and soil samples of grape varieties from 





Year, location, and variety impact on grape-associated mycobiota of Arkansas-grown wine 
and muscadine grapes 
Abstract 
 Wine grape berries (Vitis species) harbor a wide variety of yeast and filamentous fungi 
that impact grapevine health and the winemaking process. Identification of these fungi could be 
important for controlling and improving wine production. The use of high-throughput 
sequencing (HTS) strategies has enabled identification and quantification of bacterial and fungal 
species in vineyards. While several studies used HTS to identify the grape/vineyard microbiota 
in different countries and in primary grape-growing regions in the United States, there is limited 
data on grapes grown in the United States southern region. The aims of this study were to 
identify the indigenous grape mycobiota from Cabernet Sauvignon and Zinfandel (V. vinifera), 
Carlos and Noble muscadines (V. rotundifolia), Cynthiana (V. aestivalis), and Vignoles hybrid 
(cross of different Vitis species) grapes and investigate the effect of the vineyard location, grape 
variety, and year on grape fungal communities. Grape berries were collected in 2016 and 2017 
from four vineyards located in Arkansas. The HTS of the Internal Transcribed Spacer 1 region 
was used to identify grape fungal communities. Overall, the data suggested that grape fungal 
community distribution and relative abundance were influenced by grape variety, year and 
vineyard location, but each were influenced to a different extent. The predominant genera 
identified on the Arkansas wine grapes were Uwebraunia, Zymoseptoria, Papiliotrema, 
Meyerozyma, Filobasidium, and Curvibasidium, which were found in previous studies but not as 
the dominant genera. An increase of the mycoparasite Ampelomyces was noticed in 2017 on 




confirmed that the grape mycobiota is influenced by year, variety, and location. Moreover, it was 
demonstrated that the grape microbial communities have an impact on the microbial 
communities the following year, amplifying the importance of vineyard microbiota knowledge 
for disease management and winemaking. 
Keywords: grape, fungi, high-throughput sequencing, terroir, indigenous yeasts, Ampelomyces. 
Introduction 
 Wine grapes (Vitis species) are grown worldwide commercially for wine production and 
consumption. Yeasts present on the grapes and added for fermentation play a key role in wine 
production. Through alcoholic fermentation yeast convert sugars from the grapes into ethanol 
and carbon dioxide (Marzano et al., 2016; Renouf, Claisse, & Lonvaud-Funel, 2005). In early 
history of wine production, wines were produced by indigenous yeasts from grape berries and 
equipment used in harvest and production. Most wines are currently produced by inoculating 
grape juice or must (seeds, skins, pulp, and juice) with commercial yeasts, mainly S. cerevisiae 
strains. These strains of yeast efficiently produce alcohol and influence flavor and aroma 
characteristics (Hirst & Richter, 2016; Pretorius, 2000; Querol, Barrio, Huerta, & Ramon, 1992).  
 Indigenous grape microbiota influences wine physicochemical properties (Fleet, 2003; 
Jolly, Varela, & Pretorius, 2014; Lambrechts & Pretorius, 2000). The indigenous vineyard 
microbiota along with the climate, soil, grapevine variety, and vineyard management practices, 
influences wine terroir (Bokulich et al., 2016; Drumonde-Neves, Franco-Duarte, Lima, Schuller, 
& Pais, 2017; Padilla et al., 2016; Renouf, Miot-Sertier, Strehaiano, & Lonvaud-Funel, 2006). 
The terroir is the combination of these factors that leads to unique attributes of the wine. The 
grape microbiota varies depending on multiple factors such as, weather, relative humidity, 




vineyard management practices (Bokulich, Thorngate, Richardson, & Mills, 2014a; Cordero-
Bueso et al., 2011; Drumonde-Neves, Franco-Duarte, Lima, Schuller, & Pais, 2016; Martins et 
al., 2012, 2014; Mezzasalma et al., 2017, 2018; Morrison-Whittle, Lee, & Goddard, 2017; Vitulo 
et al., 2019). Grape indigenous yeasts produce diverse compounds that later positively or 
negatively impact wine flavors (Lambrechts & Pretorius, 2000). The presence or absence of 
particular yeasts species can promote the growth of pathogenic microorganisms that could 
negatively impact grape growth and wine sensory properties (Cordero-Bueso et al., 2017; Fleet, 
2003; Kecskeméti, Berkelmann-Löhnertz, & Reineke, 2016; Liu et al., 2017; Renouf et al., 2005; 
Renouf, Falcou, et al., 2006). Knowing which fungal and bacterial communities are present in 
the vineyard is important for grape growers who can manage and promote specific microbial 
communities and for winemakers who can produce premium wines with specific characteristics 
related to the terroir. 
 Recently, high-throughput sequencing (HTS) methods have resulted in identification and 
quantification of microorganisms that could not be cultured (Böhme, Barros-Velázquez, & Calo-
Mata, 2019; Morgan, du Toit, & Setati, 2017). Many studies have described bacterial and fungal 
communities present in vineyards across the world and tried to identify different factors affecting 
fungal and bacterial community structure (Marzano et al., 2016; Mezzasalma et al., 2017, 2018; 
Portillo, Franquès, Araque, Reguant, & Bordons, 2016; Wei et al., 2018). However, there were 
not many studies done on grapes grown in the southern region of the United States. 
 In the United States, grape-growing regions can be located in federally designated 
American Viticultural Areas (AVA). There are 246 AVAs in the United States (Alcohol and 
Tobacco Tax and Trade Bureau, 2019). The Ozark Mountain AVA is the sixth largest in total 




has a long history of wine production that began in the late 1800’s. One of the primary grapes 
grown in Arkansas are muscadines (V. rotundifolia), which only grow in the southern United 
States and are used for jams, juice, and wine production (Hickey, Smith, Cao, & Conner, 2019; 
Threlfall, Morris, Meullenet, & Striegler, 2007) along with Cynthiana (V. aestivalis), and 
Vignoles hybrid (cross of Vitis species). However, other varieties grown in Arkansas include 
Cabernet Sauvignon and Zinfandel (V. vinifera) but are more difficult to grow due to pest disease 
pressures and climate. Muscadine grapes differ from the bunch grapes (Vitis) in that the cluster 
of muscadine are smaller (3 - 10 berries), and the berries are larger with thicker skins. 
 Due to the limited research on wine grape mycobiota in Arkansas and the progress in new 
microbial detection methods, the objective of this study was to use high throughput sequencing 
(HTS) of the Internal Transcribed Spacer (ITS) 1 region to characterize the indigenous 
mycobiota of grape berries of six grape varieties (Cabernet Sauvignon, Zinfandel, Cynthiana, 
Vignoles, and Carlos and Noble muscadines) grown in Arkansas in 2016 and 2017. 
Materials and Methods 
Grape varieties 
 The wine grapes varieties evaluated in the study included Cynthiana (V. aestivalis), 
Vignoles (V. hybrid), Zinfandel and Cabernet Sauvignon (V. vinifera) and muscadine grape 
varieties Carlos and Noble (V. rotundifolia). 
Vineyard locations 
 The vineyards of the grape varieties studied were located in the Ozark Mountain 
American Viticultural Area (AVA) (Figure 1). The United States Department of Agriculture 
(USDA) hardiness zone for these locations varied from 6a to 7b (Agricultural Research Service, 




amendments, and pest control varied at each site, as well as did the age of the vines. Trellis 
systems for these grapes included single wire bi-lateral high-cordon, Geneva Double Curtain, 
and Six-arm Kniffin systems. Row length and number of plants per row varied at each site. Pest 
management and spray programs typically followed the recommendations in the Midwest Fruit 
Pest Management Guide (Beckerman et al., 2019), but detailed protocols were not disclosed by 
the commercial vineyards.  
 The wine grapes were grown in commercial vineyards in Altus and Eureka Springs, AR, 
United States, and University of Arkansas System Division of Agriculture (UA System) 
experimental vineyard in Clarksville, AR, United States 
  Cabernet Sauvignon, Zinfandel, and Cynthiana were grown at Chateau Aux Arc 
Vineyards and Winery (Chateau aux Arc) in Altus, AR [west-central Arkansas, lat. 35.47° N and 
long. 93.74° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The soil type 
in this vineyard was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic 
Hapludult) (Natural Resources Conservation Service, 2014).  
Cynthiana and muscadines (Carlos and Noble) were grown at Post Vineyards and Winery (Post) 
in Altus, AR [west-central Arkansas, lat. 35.44° N and long. 93.76° W; USDA hardiness zone 7b 
(Agricultural Research Service, 2012)]. The soil type in this vineyard was Linker fine sandy 
loam (fine-loamy, siliceous, semi active, thermic Typic Hapludult) (Natural Resources 
Conservation Service, 2014).  
Vignoles wine grapes were grown at Keels Creek Winery (Keels Creek) in Eureka Springs, AR 
[north-west Arkansas, lat. 36.36° N and long. 93.67° W; USDA hardiness zone 6b (Agricultural 




active, mesic Mollic Paleudalf) and Arkana-Moko complex (loamy-skeletal, mixed, superactive, 
mesic Lithic Hapludoll) (Natural Resources Conservation Service, 2014).  
The muscadine grapes (Carlos and Noble) were grown at the UA Fruit Research Station (UA 
FRS) in Clarksville, AR [west-central Arkansas, lat. 35.31° N and long. 93.24° W; USDA 
hardiness zone 7b (Agricultural Research Service, 2012)]. The soil type was Linker fine sandy 
loam (fine-loamy, siliceous, semi active, thermic Typic Hapludult) (Natural Resources 
Conservation Service, 2014).  
 The maximum and minimum temperatures and cumulative rainfall data in 2016 and 2017 
were collected at UA FRS (Appendix Figure 1). The average minimum and maximum 
temperature were 11-22°C in 2016 and 11-21°C in 2017. A greater average rainfall was observed 
in 2017 (109.3 mm) compared to 2016 (88.9 mm). Typical bloom dates in Arkansas are April to 
May for wine grapes, but muscadine grapes bloom later. Wine grapes were harvested in 
August/September and muscadine grapes were harvested in September (Table 1). 
Experimental design 
 This study was a screening study of the fungal population of wine grapes from four 
commercial vineyards and an UA system experimental vineyard in Arkansas. Different wine 
grape varieties were evaluated at each location (Table 1). Berry samples from each grape variety 
were collected in 2016 and 2017. Samples were taken seven days prior to harvest when grapes 
were about 12 to 20% soluble solids depending on the variety. Samples were taken in triplicates. 
Cynthiana, Noble, and Carlos were grown in two locations. Cabernet Sauvignon, Zinfandel, and 
Vignoles were grown in one location. A total of 54 samples (9 samples * 3 replicates * 2 years) 






 For each location, about 100 undamaged berries (no visible decay or root) were harvested 
aseptically into plastic bags from 10 randomly selected vines. The only exception to this 
collection method was UA FRS where only one vine for each variety of muscadine was 
available. This was repeated three times on different vines or same vine at UA FRS to obtain 
three replicates. Single berries were collected instead of whole bunches to assure that no 
damaged berries or pests were hidden inside the cluster. The berry samples were placed in 
coolers with ice packs, transported to Fayetteville, AR, and stored at -80°C until processing for 
DNA extractions. 
DNA extraction 
 Sterile laboratory blender bags were filled with about 10-30 berries (depending on the 
berry size of the variety) and were weighed. The berries were then manually and aseptically 
crushed and pressed in sterile laboratory blender bags and 50 mL of resulting grape juice was 
collected in 50-mL sterile Eppendorf tubes. After vortexing, 2 mL of juice was collected from 
the 50-mL tubes into 2-mL sterile tubes. The 2-mL tubes were centrifuged at 13,300 rpm for 3 
min, and the resulting cell pellets were resuspended and washed three times with sterile water. 
From this point, the DNA extraction was carried out with the QIAamp® Fast DNA Stool Mini 
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions with the addition of a 
cell lysis step using a FastPrep®-24 bead beater (MP Biomedicals, Santa Ana, CA, United 
States) for 1 min at maximum speed to ensure full disruption of microbial cells. During the bead 
beater step, 0.1 g of 0.1-mm diameter and 0.1 g of 0.5-mm diameter zirconia-silica beads were 




DNA at the final step (elution step), 50 µL of Buffer ATE (provided in the kit) was used instead 
of 200 µL. 
 DNA concentration was determined spectrophotometrically using the NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). Extracted 
DNA was visualized following electrophoresis on a 2% agarose gel in 1X TAE (Tris-acetate-
ethylenediaminetetraacetic acid) buffer (AMRESCO®, Cleveland, OH, United States). DNA 
extracts were stored at -20°C until further analysis. 
Universal polymerase chain reaction  
 A polymerase chain reaction (PCR) targeting the fungal ITS 1 loci of 5.8S rRNA gene 
regions was performed to confirm the presence or absence of fungi. PCR reactions contained 3 
µL DNA template, 12.5 µL of GoTaq Green Master Mix 2X (Promega, Madison, WI, United 
States), 1 µL of each primer [10 pmol] ITS1 (F) (5′- CTT GGT CAT TTA GAG GAA GTA A -
3′) and ITS4 (R) (5′-TCC TCC GCT TAT TGA TAT GC-3′) (Op De Beeck et al., 2014; White, 
Bruns, Lee, & Taylor, 1990), and 7.5 µL of sterile nuclease free water, resulting in a final 
volume of 25 µL. PCR reactions conditions consisted of an initial 94°C for 3 min, followed by 
35 cycles of denaturation at 98°C for 30 sec, annealing at 55°C for 30 sec, and elongation at 
72°C for 1 min using the Eppendorf Mastercycler pro S (Eppendorf, Hamburg, Germany). The 
quality was checked with 12% of randomly selected samples and positive and negative controls 
on a 2% agarose gel electrophoresis. 
Index polymerase chain reaction 
 An Index PCR targeting the fungal ITS 1 loci of 5.8S rRNA gene regions was performed 
with ITS1 and ITS2 primers using the dual-index strategy for primer design described by Kozich 




GCG ACC ACC GAG ATC TAC AC for ITS1 and CAA GCA GAA GAC GGC ATA CGA 
GAT for ITS2), an 8 nt index sequence (each index being different from each other), a 10 nt pad 
sequence (TGT GGT GGC C for ITS1 and ACT GCG TCA T for ITS2), a 2 nt linker (GT for 
ITS1 and AT for ITS2) and the gene specific primer (CTT GGT CAT TTA GAG GAA GTA A 
and GCT GCG TTC TTC ATC GAT GC for ITS1 and for ITS2, respectively). PCR reactions 
(25 µL) contained 2.5 µL of Buffer II, 0.1 µL of AccuPrime™ Taq DNA Polymerase High 
Fidelity (Invitrogen, Carlsbad, CA, United States), 3 µL of DNA, and 1 μL of each dual index 
primer combination. Reactions conditions consisted of an initial denaturation at 94°C for 2 min, 
followed by 35 cycles of denaturation at 94°C for 30 sec, primer annealing at 55°C for 30 sec, 
and extension at 68 °C for 1 min, then a final extension at 72°C for 10 min using the Eppendorf 
Mastercycler pro S (Eppendorf, Hamburg, Germany). Random reactions (12 to 100%, containing 
positive and negative controls) were chosen from the PCR plate and loaded on an 2% agarose gel 
to confirm successful amplification. 
Amplicon libraries preparation 
 The SequalPrepTM Normalization Plate Kit (Invitrogen, Carlsbad, CA, United States) was 
used to purify (elute short primers, unincorporated dNTPs, enzymes, short failed PCR products, 
and salts from PCR reactions) and normalize the PCR product reactions from the index PCR. 
The protocol was followed per the manufacturer’s instructions with minor modifications. PCR 
product (21 µL) from the PCR plate was transferred instead of 18 µL, and the same volume of 
binding buffer was added. The incubation step lasted 90 min instead of 60 min. During the 
elution step, instead of incubating for 5 min, the plate was left to incubate overnight at 4°C. The 





Library quality control 
 The pool concentration was analyzed with Qubit ds DNA High Sensitivity Assay Kit 
(Invitrogen, Carlsbad, CA, United States). The amplicon fragments’ size was determined with an 
Agilent 2100 Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States).  
 The concentrations of the pools were determined by qPCR with the PerfeCta NGS 
Quantification Kit Illumina (Quanta Biosciences Inc., Beverly, MA, United States) following the 
manufacturer’s protocol. The qPCR reaction conditions consisted of an initial activation at 95°C 
for 3 min, followed by 35 cycles of denaturation at 95°C for 15 sec, annealing at 60°C for 20 sec, 
and extension at 72°C for 45 sec. A final melting curve was added at the end of the reaction.  
Sequencing 
 The amplicon pools were then denatured and diluted with 0.1 N fresh NaOH and HT1 
buffer according to the MiSeq System Guide. Denatured DNA was combined with 20% PhiX 
control Nano kit v2 and loaded on a v2 Illumina MiSeq reagent cartridge along with Index, Read 
1, and Read 2 sequencing primers (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013). The 
sequencing was performed using an Illumina Miseq (Illumina Inc., San Diego, CA, United 
States) platform.  
Soluble solids, pH, and titratable acidity analysis  
 The grape berries from the harvest were analyzed for compositional attributes (pH, 
titratable acidity, and soluble solids). Approximately 30 berries of each variety and replicate at 
each location were thawed at room temperature (25°C), placed in cheese cloth, and manually 
squeezed to extract the juice. Soluble solids (expressed as percent) were determined using a 
using an Abbe Mark II refractometer (Bausch and Lomb, Scientific Instrument, Keene, NH, 




with the electrode standardized to pH 4.00, 7.00, and 10.00 buffers was used to measure pH and 
titratable acidity. Titratable acidity was determined using ~6 g of juice diluted with 50 mL 
deionized, degassed water with a titration using standardized 0.1 N sodium hydroxide to an 
endpoint of pH 8.2. The results of titratable acidity were expressed as percentage of tartaric acid. 
Soluble solids, pH, and titratable acidity were analyzed for each replicate and the average data is 
presented in Table 2. 
Data analysis 
 Raw data generated by the Illumina Miseq instrument (Illumina Inc., San Diego, CA, 
United States) were demultiplexed, quality filtered, and analyzed using PIPITS pipeline (Gweon 
et al., 2015). The Shannon diversity index (H) was calculated with the software PAST 3.18 
(Hammer, Harper, & Ryan, 2001) to characterize species diversity in each sample. Mann-
Whitney pairwise with Bonferroni-corrected p-values were performed on species richness to test 
the effect of the year, vineyard location and grape variety for the grape fungal communities. 
Non-metric multidimensional scaling (NMDS) plots and a one-way analysis of similarities 
(ANOSIM), both based on the Bray-Curtis similarity index, were obtained in order to determine 
if the total number of genera significantly differs by vineyard location, variety of grapes, and 
year.  
 The mean of the relative abundance of fungi present on grapes for the three replicates 
was calculated. Fungal relative abundances were illustrated on stack columns at the phylum and 
genus levels representing the fungal community profiles. These relative abundance profiles 
helped to visualize the differences among the fungal communities. For the genus level, only 
fungi present at a relative abundance greater than 1% were represented on the stack columns. A 




Wei et al., 2018). Since samples are of different number of sequence reads, data were considered 
by relative abundances rather than absolute numbers for the NMDS plots and the stacked 
columns figures. 
 Differences between years, locations, and varieties were considered significant when the 
p-value < 0.05; however, statistical difference should be interpreted cautiously due to the low 
number of replications of each sample. 
Results and Discussion 
 The indigenous mycobiota of the grape berries of six grape varieties (Cabernet 
Sauvignon, Zinfandel, Cynthiana, Vignoles, and Carlos and Noble muscadines), grown in 
Arkansas in 2016 and 2017, were identified and quantitated using HTS of the ITS 1 region. A 
total of 54 samples (3 grape varieties in one location * 3 grape varieties in two locations * 3 
replicates * 2 years) were analyzed. The wine grape composition at harvest varied by year, 
variety, and location, but most of the grapes had commercially acceptable compositions (Table 
2).  
Sequence analysis 
 The HTS approach targeting the ITS 1 region was used for sequence analysis. After 
quality filtering, extraction of the ITS subregion, clustering (97% sequence identity) and chimera 
removal, the remaining sequences were clustered into 1,061 OTUs.  
 The α- diversity (i.e., the diversity within a community) was obtained using Shannon 
diversity index (i.e., entropy measurement) (Figures 2). Non-metric multidimensional scaling 
NMDS plots were carried out at the genus level (Figures 3, 4, and 5) and the fungal relative 
abundances were illustrated on stack columns at the phylum (Figure 6) and genus levels (Figures 




represented. Fungal genera identified at a relative abundance higher than 1% in wine grapes and 
muscadine grapes were listed in Appendix B Tables 1 and 2. The five major fungal genera for 
each grape variety, location, and year were listed in Table 3. 
Grape berry fungal communities 
 The fungal taxonomic composition of grape samples included a total of four phyla 
(36.2% ± 19.5 Ascomycota, 13.1% ± 7.5 Basidiomycota, 0.001% ± 0.008 Blastocladiomycota, 
0.0006% ± 0.004 Chytridiomycota), 17 classes, 51 orders, 123 families, and 243 genera (data not 
shown). Unknown sequences (Fungi_unclassified) represented 50.8% ± 17.8 of the grape 
mycobiota, meaning that these sequences were not assigned to any fungi during the taxonomic 
assignment procedure (RDP Classifier against the UNITE fungal ITS reference data set). Since 
only the ITS 1 region was sequenced, this large percentage of unclassified Fungi is not unusual 
(Pinto et al., 2014).  
 Grape berries were collected one week prior to harvest, so the berries were mature which 
can explain the larger relative abundance of ascomycetous fungi detected. As described in 
previous studies, grape microbiota varies during the berry development (Barata, Malfeito-
Ferreira, & Loureiro, 2012; Martins et al., 2012; Renouf et al., 2005). At véraison (onset of grape 
berry ripening, when berries change color, soften, accumulate sugars, and metabolize acids), 
intact berries have a larger abundance of basidiomycetes. As berries ripen the skin extends and 
can have microfissures where juice (nutrients) leaks and becomes available for oxidative or 
weakly fermentative ascomycetous communities (Renouf et al., 2005).  
Year impact on grape mycobiota 
 The Shannon diversity indices of the fungal communities of grapes collected in 2016 and 




or variety. The NMDS plot (Figure 3A) showed that the fungal communities at the genus level 
clustered by year and that the two clusters overlapped. However, the one-way ANOSIM based 
on Bray-Curtis similarity index indicated that the grape fungal communities in 2016 were 
significantly different than in 2017 (p-value = 0.0027). The dissimilarities between the fungal 
communities’ distributions in 2016 and 2017 can be observed at the phylum and genus levels in 
Figures 6 and 7, respectively. The grape fungal communities at the phylum level varied between 
2016 and 2017 for each variety and location (Figure 6). A large abundance of Fungi_unclassified 
was observed for all samples, especially in 2016 (relative abundance 59.1 and 42.4% in 2016 and 
2017, respectively). Regardless of the location and variety, an increase in Ascomycota (30.8 and 
41.6% relative abundance in 2016 and 2017, respectively) and Basidiomycota (10.1 and 16% in 
2016 and 2017, respectively) was noticed in 2017.  
 At the genus level, the grape fungal communities varied substantially between the two 
years at each location and for all varieties (Figure 7). Overall, a reduced relative abundance of 
Fungi_unclassified and additional fungal communities at a relative abundance > 1% were 
observed in 2017. To provide more insight for each type of grape the fungal genera composition 
and abundance of wine grapes and muscadine grapes were analyzed separately. The relative 
abundance (> 1%) of fungi at the genus level recovered in wine grape and muscadine grape 
samples from different commercial vineyards in Arkansas (2016 and 2017) are presented in 
Appendix B Table 1 and Appendix B Table 2. 
Wine grapes (Cabernet Sauvignon, Zinfandel, Cynthiana, and Vignoles). The wine grapes fungal 
communities from 2016 and 2017 overlapped on the NMDS plots, but the ANOSIM (p-value = 
0.0002) confirmed that the wine grapes fungal communities from 2016 and 2017 were 




variety at each location and for each year are presented on Figure 8. Some similarities were 
observed between the fungal profiles of 2016 and 2017, however major differences were 
noticeable. More diverse fungal communities with a relative abundance higher than 1% were 
seen in 2017 for all wine grape samples (Figure 8 and Appendix B Table 1). For instance, an 
increase of the relative abundance of Dissoconium was observed in all wine grapes samples and 
with a higher increase especially in Cynthiana and Vignoles grapes (Cynthiana from Chateau aux 
Arc: 0.5 to 4.5%, Cynthiana from Post: 0.67 to 7.28%, and Vignoles: 0.24 to 5.86%) (Figure 8). 
The relative abundance of Candida also increased in 2017 in all wine grape samples, and 
especially Zinfandel and Cynthiana grapes (Zinfandel: 0.03 to 1.7%, Cynthiana from Chateau 
aux Arc: 0 to 2.34%, and Cynthiana from Post: 0.02 to 2.3%) (Figure 8). A significant increase 
of the relative abundance of Curvibasidium was also observed in 2017 in Zinfandel (0.08 to 
5.55%), Vignoles (0.61 to 8.26%), and in Cynthiana from Post (1.51 to 5.99%) (Figures 7 and 8). 
A greater relative abundance of Filobasidium was detected in 2017 in Vignoles grapes (0.34 to 
3.80%) and Cabernet Sauvignon (2.08 to 4.39%) (Figure 8). 
 In 2017, the emergence of Ampelomyces was noticeable in wine grapes, especially 
Cabernet Sauvignon (relative abundance increased from 0 to 24.7%), Cynthiana (0 to 0.32%), 
and Zinfandel (0 to 1.36%) grapes from Chateau aux Arc (Figure 8). The presence of 
Ampelomyces was also detected in 2017 in Vignoles grapes from Keels Creek and Cynthiana 
grapes from Post, but at a relative abundance lower than 1% (Appendix B Table 1). The species 
belonging to this genera and identified in this study was Ampelomyces quisqualis, a mycoparasite 
used as a biocontrol agent of powdery mildew in grapes (Falk, Gadoury, Pearson, & Seem, 1995; 




of powdery mildew in grapes was detected at a low abundance (relative abundance < 1%) at 
Chateau aux Arc and Keels Creek during both years and at Post in 2016 (data not shown).  
 The relative abundance of molds Aspergillus and Penicillium increased in all wine 
samples in 2017 (Figure 8). Podosphaera was not detected in 2016 but was present in all wine 
grapes samples in 2017 at a small relative abundance (< 1%) in Cabernet Sauvignon and 
Vignoles but at a relative abundance of 1.33, 1.90, and 1.56% on Zinfandel, Cynthiana from 
Chateau aux Arc and Cynthiana from Post, respectively. Podosphaera species are known as 
plant pathogens causing powdery mildew. The relative abundance of Taphrina increased in 2017 
(0.08 to 1.44%) on Vignoles grapes (Figure 8). The presence of these molds and plant pathogens 
is harmful to the vines and their increase in 2017 at these three locations could have been due to 
weather. 
 However, the major fungal genera (among the top 5 fungal genera identified) at each 
location and for each variety remained present and at similar relative abundance during both 
years (Figure 8 and Table 3). For instance, the dominant genera at Chateau aux Arc were 
Filobasidium (2.08% in 2016 and 4.39% in 2017) in Cabernet Sauvignon, Meyerozyma (22.13 
and 30.68%) and Hanseniaspora (5.16 and 5.79%) in Zinfandel, and Papiliotrema (6.94 and 
7.29%) in grape samples (Table 3). At Post, Uwebraunia (13.09 and 4.84%), Papiliotrema (2.53 
and 3.39%), Hannaella (1.59 and 1.71%), Bullera (1.99 and 1.72%), Ramularia (2.85 and 
2.11%), and Curvibasidium (1.51 and 5.99%), were present in Cynthiana grapes in 2016 and 
2017 (Figure 8 and Table 3). At Keels Creek, the major genera identified both years in Vignoles 
grapes were Uwebraunia (11.40 and 14.27%), Bullera (5.68 and 5.91%), and Hannaella (4.07 




at a similar relative abundance in 2016 and 2017 (Figure 8). These fungal genera can be specific 
to the location and variety and will be discussed in following sections. 
Muscadine grapes (Carlos and Noble). The fungal communities of muscadine grapes in 2016 and 
2017 overlapped and the statistical analysis (p-value = 0.0967) confirmed that the fungal 
communities from muscadine grapes collected in 2016 and 2017 were not significantly different 
(Figure 3C). However, when observing the fungal communities by year and location (data not 
shown), the statistical analysis indicated that while the fungal communities of muscadines from 
Post remained similar between 2016 and 2017, the fungal communities of muscadines from UA 
FRS varied (Figure 9). Regardless of the grape variety, a change in fungal communities’ 
abundance was observed at UA FRS from 2016 to 2017. In 2016, the main genera among the 
five main fungal genera identified (Table 3 and Appendix B Table 2) were Filobasidium (7.4%) 
and Papiliotrema (4.7%). However, in 2017 the relative abundance of Filobasidium decreased 
(to 1%) while the relative abundance of Uwebraunia (0.2 to 13.1%) and Papiliotrema (7.8%) 
increased (Figure 9). At Post, the three main fungal genera (Appendix B Table 3) Uwebraunia, 
Zymoseptoria and Papilotrema representing together more than 38% of the total fungal 
population, remained present at high relative abundance during both years (cumulative average 
of these three genera for the muscadines were: 43.9% in 2016 and 53.1% in 2017). However, 
other genera of lower abundance (< 1%) in 2016 increased in 2017 such as Hannaella (0.1 to 
2.6%), Heterocephalacria (0.2 to 2.4%), Curvibasidium (0.1 to 2.4%), and Pseudopithomyces 
(0.5 to 1.9%). 
 In this study, a year-to-year variation in grape fungal communities’ composition and 
relative abundance was noticed. Overall, a larger fungal diversity was observed in all grapes in 




Grape berry growth occurs from late spring to harvest (May-August), so the lower temperatures 
and higher rainfall in 2017 as compared to 2016 could have promoted grape fungal communities’ 
growth. This is in accordance with other studies that have shown the impact of the year and 
change in environmental conditions on the grape microbiota (Bokulich et al., 2014a; Combina et 
al., 2005; Sabate, Cano, Esteve-Zarzoso, & Guillamón, 2002). 
Location impact on grape mycobiota 
 The four vineyards (Post, Chateau aux Arc, Keels Creek, and UA FRS) were located in 
different regions of the Ozark Mountain AVA with UA FRS in the Arkansas Mountain AVA and 
Post and Chateau aux Arc in the Altus AVA (Figure 1). However, not all varieties were collected 
in multiple locations.  
 The fungal communities at the genus level were clustered by location on the NMDS plot 
(Figure 4A). Post’s fungal communities were clustered apart from Chateau aux Arc and UA 
FRS, while Chateau aux Arc and UA FRS fungal communities overlapped. Statistical analysis 
one-way ANOSIM indicated that the mycobiota at Post was significantly different from the other 
three locations. Keels Creek fungal communities cluster slightly overlapped UA FRS’ and Post’ 
clusters, but the statistical analysis indicated that the fungal communities at Keels Creek were 
different from the other three locations. However, only one grape variety (Vignoles) was 
sampled at Keels Creek, so the clusters related to this location were not described.  
 When looking at the fungal profile of each location at the phylum level (Figure 6), 
dissimilarities between Post and other vineyards were observed. Grapes from Post harbored a 
larger relative abundance of Ascomycota compared to grapes from the other locations (54.5, 
30.9, 20.7, and 27.8% for Post, Chateau aux Arc, UA FRS, and Keels Creek, respectively). This 




of Zymoseptoria and Uwebraunia. Other dissimilarities between the four locations can also be 
observed. To look in greater detail and not be biased by a potential grape variety specific 
mycobiota, only locations that grew the same variety of grapes were compared. 
Chateau aux Arc and Post (Cynthiana grapes). The fungal communities of Cynthiana grapes at 
Post and Chateau aux Arc were clustered apart by location (Figure 4B). The statistical analysis 
confirmed that the fungal communities of Cynthiana grapes at Post and Chateau aux Arc were 
significantly different. The fungal profiles of Cynthiana grapes presented large dissimilarities 
between the two locations with specific fungal communities found at each location (Figure 8, 
Table 3, and Appendix B Table 1). For instance, Uwebraunia, Curvibasidium Bullera, 
Meyerozyma, and Hannaella were fungal genera detected in Cynthiana grapes from Post, while 
Hanseniaspora was found only in Cynthiana grapes from Chateau aux Arc. The genus 
Papiliotrema was detected on Cynthiana grapes from both locations and during both years, 
representing the larger genus at Chateau aux Arc (6.9 and 7.3% in 2016 and 2017, respectively). 
The larger genus detected on Cynthiana grapes at Post was Uwebraunia (13.1%) in 2016 and 
Dissoconium (7.8%) in 2017 (Figure 8 and Table 3). In addition to the presence of Papiliotrema 
at both locations, other similarities can be observed between the fungal communities of the two 
locations. In 2017, similar increases in the relative abundance of Dissoconium (0.5 to 4.05% at 
Chateau aux Arc, 0.67 to 7.28% at Post), Candida (0 to 2.34 and 0.02 to 2.3%), Aspergillus (0.02 
to 1.74 and 0.04 to 1.77%), and Podosphaera (0 to 1.90 and 0 to 1.56%) can be seen at the two 
locations (Figure 8). Therefore, the fungal profile of Cynthiana grapes from Chateau aux Arc 
collected in 2017 had fewer dissimilarities with Cynthiana from Post than the fungal profile of 




UA FRS and Post (muscadine grapes). The fungal communities of muscadine grapes were 
significantly (p-value = 0.0001) clustered apart by location (Figure 4C). Muscadines fungal 
profile at the genus level varied between the two locations (Figure 9). At Post, regardless of the 
year and variety, the two main genera representing 45% of the total relative abundance of the 
fungal communities on muscadine grapes were Uwebraunia (24%) and Zymoseptoria (21%). At 
UA FRS, Papiliotrema (6.3%) was the major fungal genus detected during both years, and 
Filobasidium (4.2%) and Uwebraunia (6.6%) were the major genera found in 2016 and 2017, 
respectively (Figure 9 and Table 3).  
 The location impacted the grape fungal communities’ distribution for those varieties 
grown in multiple locations. Same varieties of grapes harbored different fungal communities at 
different relative abundance depending on the location. These results are in accordance with 
previous studies that demonstrated the impact of location on the grape microbiota (Bokulich, 
Thorngate, Richardson, & Mills, 2014b; Mezzasalma et al., 2017, 2018) 
Variety impact on grape mycobiota 
 In this study, the mycobiota of wine grapes (Cabernet Sauvignon, Zinfandel, and 
Cynthiana) and muscadine grapes (Carlos and Noble) were identified and compared. The 
Vignoles grapes at Keels Creek were not included in this analysis because Vignoles was the only 
variety at this location. 
Wine grape varieties (Cabernet Sauvignon, Zinfandel, and Cynthiana) at Chateau aux Arc. Three 
wine grape varieties, Cabernet Sauvignon, Zinfandel, and Cynthiana were collected at Chateau 
aux Arc. The fungal communities clustered by variety, with Cabernet Sauvignon and Cynthiana 




Cabernet Sauvignon and Cynthiana were not significantly different from each other, but were 
both significantly different from Zinfandel.  
 These dissimilarities between the three varieties can be observed in Figure 8. In 2016, the 
dominant fungal genus with a relative abundance > 1% in Cabernet Sauvignon grapes was 
Filobasidium (2.1%); in Zinfandel the dominant genera were Meyerozyma (22.1%), 
Hanseniaspora (5.2%), and Zygoascus (1.1%); and in Cynthiana the dominant genera were 
Papiliotrema (7%) and Hanseniaspora (2.1%). While in 2017, the main genera with a relative 
abundance > 1% in Cabernet Sauvignon were Ampelomyces (25%), Filobasidium (4.4%), 
Dioszegia (1.2%); in Zinfandel were Meyerozyma (31%), Hanseniaspora (5.8%), Curvibasidium 
(5.5%), Candida (1.7%), Aspergillus (1.5%), Ampelomyces (1.4%), Podosphaera (1.3%), 
Dissoconium (1.3%), and Papiliotrema (1.1%); and in Cynthiana were Papiliotrema (7.3%), 
Dissoconium (4.1%), Candida (2.3%), Podosphaera (1.9%) Aspergillus (1.7%), Ramularia 
(1.4%), and Uwebraunia (1.3%) (Figure 8 and Table 3). Specific genera were found on each 
variety of grapes. For instance, Meyerozyma spp. were specific to Zinfandel grapes since this 
fungal genus was found only in Zinfandel grapes during both years and at a large relative 
abundance (22.1 and 31% in 2016 and 2017, respectively). Filobasidium spp. were only found in 
Cabernet Sauvignon grapes during both years (2.1 and 4.4% in 2016 and 2017, respectively). 
Filobasidium spp. are oxidative basidiomycetous yeasts detected on intact undamaged berries 
after veraison to harvest. Papiliotrema was found at a large relative abundance during both years 
in Cynthiana (7 and 7.3% in 2016 and 2017, respectively). Papiliotrema was also detected in 
Zinfandel grapes, but only in 2017 and at a lower abundance (1.1%).  
Muscadine grape varieties (Carlos and Noble) at UA FRS and Post. Two muscadine varieties, 




Carlos and Noble varieties overlapped (Figure 5B), and the statistical analysis confirmed that the 
fungal communities of Carlos and Noble were not significantly different. Since these two 
varieties were grown at two locations, each variety was compared by showing that the fungal 
communities of the two varieties differed (data not shown) between locations, but were not 
significantly different within a location. Figure 9 shows the fungal profiles of each variety for 
both locations. At Post, the three main fungal genera present in both varieties and years were 
Zymoseptoria, Uwebraunia, and Papiliotrema. At UA FRS, the main fungal genera present in 
both varieties were Filobasidium and Papiliotrema in 2016 and Uwebraunia and Papiliotrema in 
2017 (Figure 9 and Table 3). 
Wine and muscadine grape varieties (Cynthiana, Carlos, and Noble) at Post. The wine grape 
variety Cynthiana and two muscadine varieties, Carlos and Noble, were grown at a same 
location. The grape fungal communities of Carlos and Noble overlapped and clustered apart from 
Cynthiana. The grape fungal communities of the two muscadine varieties were not significantly 
different from each other but varied from Cynthiana. This can be observed on the fungal profiles 
(Figures 8 and 9). Among the five most abundant genera, Uwebraunia, Papiliotrema and 
Ramularia were present on both wine grapes and muscadine grape varieties, however the first 
main genus found on muscadines Zymoseptoria was not identified in Cynthiana grapes (Table 3). 
 In this study, the grape variety played a significant role in influencing the distribution of 
the fungal communities. Dissimilarities in fungal communities’ relative abundance and 
distribution were observed between the different wine grape varieties but not between the two 
muscadine grape varieties. The size of the berries and grape cluster, the compaction of the bunch, 
the thickness of the skin and the concentration of sugars and acids characterizing a grape variety 




practices specifically applied to a certain grape variety can also explain the variation in fungal 
communities between the grape varieties. The type of trellis system, pruning, leaf and cluster 
thinning among other canopy management practices, modify the microclimate (climate within 
the canopy) and alter the grape mycobiota (Agarbati, Canonico, Ciani, & Comitini, 2019; 
Martins et al., 2014). 
 
Conclusion 
 The year, vineyard location, and grape variety impacted the fungal community 
distribution and relative abundance of grape berries from wine grapes and muscadine grapes-
grown in Arkansas. These results corroborated finding from previous studies that demonstrated 
the link between the grape microbiota and vineyard location, growing season, and climate. The 
dominant genera found in different varieties and locations in this study; Papiliotrema, 
Uwebraunia, Filobasidium, Meyerozyma, Zymoseptoria, and Curvibasidium were found in 
previous studies but not as predominant fungal genera. This might indicate that these fungal 
genera are specific to the Arkansas region or Ozark AVA. Further research needs to be done at a 
higher scale with additional vineyards located in different regions within the Ozark AVA 
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Table 1. Grape sampling dates of grape varieties at different commercial and experimental 
vineyardsa in Arkansas (2016 and 2017). 
 
 
aVineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 














































Table 2. Harvest composition of grape varieties at different commercial and experimental 
vineyardsa in Arkansas (2016 and 2017). 
 
 
aVineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 
UA FRS (University of Arkansas Fruit Research Station in Clarksville, AR). The values 
correspond to the average of the three replicates for each sample. 
Grape 
type 











Cynthiana Post 18.4 3.91 0.61 
Cynthiana Chateau aux Arc 19.4 3.28 1.01 
Zinfandel Chateau aux Arc 16.8 3.57 0.75 
Cabernet 
Sauvignon 
Chateau aux Arc 16.1 3.27 0.86 
Vignoles Keels Creek 21.3 3.04 0.95 
Muscadine 
grapes 
Carlos Post 13.8 3.05 0.72 
Carlos UA FRS 12.2 2.88 1.04 
Noble Post 13.9 3.23 0.45 




Cynthiana Post 17.4 2.76 1.04 
Cynthiana Chateau aux Arc 20.1 2.88 0.77 
Zinfandel Chateau aux Arc 17.6 3.10 0.74 
Cabernet 
Sauvignon 
Chateau aux Arc 15.3 3.14 0.89 
Vignoles Keels Creek 18.4 2.24 1.11 
Muscadine 
grapes 
Carlos Post 15.7 1.96 0.89 
Carlos UA FRS 12.4 1.99 1.34 
Noble Post 15.9 2.31 0.59 







Table 3. Five most abundant fungal genera (with a relative abundance > 1%) identified in wine and muscadine grapes from 
different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in grape samples at each sampling locality, in 2016 and 2017. Chateau aux Arc: Chateau aux 
Arc Vineyards and Winery, Post: Post Vineyards and Winery, Keels Creek: Keels Creek Winery, UA FRS: University of Arkansas 
Fruit Research Station, Cabernet: Cabernet Sauvignon. In bold genera with a relative abundance > 1%, genera that are not bold were 
identified at a relative abundance < 1%. Unclassified at the genus level of which there were large proportions (see Appendix B Tables 
1 and 2) were not included. 
LOCATION
CABERNET Filobasidium Papiliotrema Pseudopithomyces Sporobolomyces Dioszegia
ZINFANDEL Meyerozyma Hanseniaspora Zygoascus Papiliotrema Bullera
CYNTHIANA Papiliotrema Hanseniaspora Dioszegia Filobasidium Pseudopithomyces
 CABERNET Ampelomyces Filobasidium Dioszegia Sporobolomyces Dissoconium
ZINFANDEL Meyerozyma Hanseniaspora Curvibasidium Candida Aspergillus


















Uwebraunia Curvibasidium Bullera Dissoconium Filobasidium
 CARLOS Zymoseptoria Uwebraunia Papiliotrema Ramularia Pseudopithomyces
 NOBLE Uwebraunia Zymoseptoria Papiliotrema Ramularia Pseudocercospora
 CARLOS Zymoseptoria Uwebraunia Papiliotrema Curvibasidium Heterocephalacria
 NOBLE Uwebraunia Zymoseptoria Papiliotrema Pseudopithomyces Sporobolomyces
CARLOS Filobasidium Papiliotrema Dissoconium Meyerozyma Pseudopithomyces
NOBLE Filobasidium Papiliotrema Dissoconium Pseudopithomyces Strelitziana
CARLOS Uwebraunia Papiliotrema Colletotrichum Hannaella Vishniacozyma
NOBLE Uwebraunia Papiliotrema Saitozyma Pseudopithomyces Filobasidium

























Figure 1. Map of Arkansas showing the American Viticultural Area (AVA) and the 
vineyard locations for grape sampling in 2016 and 2017. 
Vineyards: Post (Post Vineyards and Winery in Altus, AR), Chateau aux Arc (Chateau aux Arc 
Vineyards and Winery in Altus, AR), Keels Creek (Keels Creek Winery in Eureka Springs, AR), 









Figure 2. Boxplot illustrating the differences in Shannon diversity indices of the fungal 
communities of grapes varieties collected in 2016 and 2017 at different commercial and 
experimental vineyards in Arkansas. 
Letters indicate significant differences (Mann-Whitney, Bonferroni-corrected p-value, significant 







Figure 3. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures at the genus level of grape samples 
from different commercial and experimental vineyards in Arkansas (2016 and 2017), by 
year for all samples (A), wine grapes (B), and for muscadine grapes (C). 
blue: 2016, red: 2017, filled circle: UA FRS, circle: Post, triangle: Chateau aux Arc, diamond: 




Figure 4. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures at the genus level of grape samples 
from different commercial and experimental vineyards in Arkansas (2016 and 2017), by 
location for all samples (A), Cynthiana grapes (B), and for muscadine grapes (C). 
Blue triangle: Chateau aux Arc (Chateau), red filled circle: UA FRS, green circle: Post, orange 





Figure 5. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures at the genus level of grape samples 
from different commercial and experimental vineyards in Arkansas (2016 and 2017), by 
variety for all samples (A), muscadines grapes (B), for wine grapes at Chateau aux Arc (C) 
and grapes varieties at Post. 
blue: Cabernet (Cabernet Sauvignon), indigo: Zinfandel, purple: Cynthiana, red: Carlos, green: 
Noble, orange: Vignoles, triangle: Chateau aux Arc (Chateau), filled circle: UA FRS, circle: 







Figure 6. Fungal community distribution recovered in wine and muscadine grape samples from different commercial and 
experimental vineyards at the phylum level in Arkansas (2016 and 2017). 
Relative abundance recovered in grape samples at each location, in 2016 and 2017. Chateau aux Arc Vineyards and Winery in Altus, 
AR (Chateau), Post Vineyards and Winery in Altus, AR (Post), University of Arkansas Fruit Research Station in Clarksville, AR (UA 
FRS) Keels Creek Winery in Eureka Springs, AR (KC), Cabernet: Cabernet Sauvignon. 
Blastocladiomycota and Chytridiomycota phyla were present at a relative abundance lower than 0.03% (Blastocladiomycota: 0.02% at 



































































































































ALL GRAPES AT PHYLUM LEVEL







Figure 7. Fungal community distribution recovered in wine and muscadine grape samples from different commercial and 
experimental vineyards at the genus level in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in grape samples at each location, in 2016 and 2017. Chateau aux Arc Vineyards and Winery in 
Altus, AR (Chateau), Post Vineyards and Winery in Altus, AR (Post), University of Arkansas Fruit Research Station in Clarksville, 
AR (UA FRS) Keels Creek Winery in Eureka Springs, AR (KC), Cabernet: Cabernet Sauvignon. Where the assignment to the genus 



















































































































































Figure 8. Fungal community distribution recovered in wine grape samples from different commercial and experimental 
vineyards at the genus level in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in wine grape samples in 2016 and 2017 at Chateau aux Arc Vineyards and Winery in Altus, 
AR (Chateau), Post Vineyards and Winery in Altus, AR (Post), and Keels Creek Winery in Eureka Springs, AR (KC), Cabernet: 








































































































Figure 9. Fungal community distribution recovered in muscadine grape samples from different commercial and experimental 
vineyards at the genus level in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in muscadine grape samples in 2016 and 2017 at Post Vineyards and Winery in Altus, AR 
(Post) and University of Arkansas Fruit Research Station in Clarksville, AR (UA FRS).Where the assignment to the genus rank failed, 
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Year, location, and variety impact on grape, soil, and leaf-associated fungal microbiota of 
Arkansas-grown table grapes 
Abstract 
 With the development of next-generation sequencing methods, there has been an increase 
in studies on the identification of vineyard microbiota (wine grapes, leaf, bark, and soil), winery-
associated microbiota, and microbiota throughout the wine fermentation. However, there have 
been scarce studies investigating the fungal microbiota of table grapes, which can carry 
pathogenic fungi that produce low levels of mycotoxins harmful to consumers. Table grapes are 
an economically important fresh-market crop in the United States. Table grapes are difficult to 
grow in Arkansas, so the University of Arkansas System Division of Agriculture (UA System) 
has been evaluating table grape production in high tunnels, passively heated structures that 
protect crops from weather and pests. The aims of this study were to identify and compare the 
impact of the year, variety, and vineyard location on table grape, leaf, and soil fungal 
communities and to demonstrate the differences and similarities of fungi among the three types 
of samples in 2016 and 2017. Two UA System varieties of table grapes, Faith and Gratitude, and 
the surrounding leaves and soil were sampled in Arkansas from a commercial and two 
experimental vineyards including one vineyard in a high tunnel. The grape, leaf, and soil 
mycobiota were analyzed with high-throughput amplicon sequencing approach targeting the 
Internal Transcribed Spacer 1 region. It was found that the fungal diversity of grape, leaf, and 
soil was greater in 2017 than 2016. The year and location had an impact on the grape, leaf, and 
soil mycobiota. The high tunnel structure had distinct grape and leaf fungal communities (main 




vineyard locations that were not in high tunnels. Molds from the Aspergillus, Cladosporium, and 
Penicillium genera were detected at a relative abundance > 1% in grape samples from the high 
tunnel. Mortierella was the predominant genus (27%) in soil samples for the three locations; 
however, genera of smaller abundance varied between locations. Grape and leaf samples 
presented strong similarities in fungal communities. These results establish the fungal 
communities in Arkansas vineyards and can be used to help improve the production and 
marketability of table grapes. 
Keywords: vineyards, DNA high-throughput sequencing, high tunnels, Faith, Gratitude 
Introduction 
 Table grapes (Vitis vinifera) are grown throughout the world for fresh-market 
consumption. The world production of table grapes was 27 million tons in 2014, which increased 
70% in the last 15 years (FAO-OIV, 2016). China is a major contributor to world production of 
table grapes followed by India, Turkey, Egypt, and the United States. The table grape industry in 
the United States was reported to value 1.2 billion in 2018, with a majority of the production in 
California (National Agricultural Statistics Service, 2018). Production of table grapes in other 
U.S. regions is limited due to increased disease and pest pressures on the grapevines. 
 There have been efforts to expand table grape production in other regions of the United 
States to meet the increased needs of consumers. The desired characteristics of table grapes at 
harvest differ from wine grapes, primarily because table grapes are consumed directly after 
harvest. Table grapes typically have a lower sugar content (15-18% soluble solids) at harvest 
compared to wine grapes (19.5-23.5% soluble solids). Table grapes also differ from wine grapes 




 Table grape breeding programs have helped improve table grape availability by selecting 
genetic features that increase table grape production (e.g., greater resistance to specific 
pathogens) and meet consumer demand (e.g., unique flavors and textures). At the University of 
Arkansas System (UA System) Division of Agriculture, the Table Grape Breeding Program, 
established by Dr. James N. Moore in 1964, continues to create new varieties of table grapes for 
Arkansas and similar regions in the United States and have attributes that consumers desire such 
as thinner skins, seedlessness, and sweeter and more flavorful berries (Clark, 2003, 2010). The 
program has released 12 varieties of table grapes including Faith, Gratitude, Hope, Joy, Jupiter, 
Mars, Neptune, Saturn, Venus, Sunbelt, Reliance, and Compassion (Clark & Moore, 2013).  
 In addition, there is ongoing research at the UA System using high tunnels for table grape 
production. High tunnels are passively-heated structures that provide the crop physical protection 
from severe weather and pests and can extend the crop growing season (Beasley, Threlfall, & 
Garcia, 2019; Janke, Altamimi, & Khan, 2017; Kennedy, Hasing, Peres, & Whitaker, 2013). 
High tunnels are being evaluated as a way to improve the quality and production of table grapes 
in Arkansas. 
 After hand harvesting and sorting, table grapes are typically placed directly into 
packaging for commercial sales, with minimum rinsing/cleaning that would reduce the shelf-life 
of the grapes. Sulfur dioxide fumigation can be used to inhibit mold growth, but can lead to 
discoloration or bleaching of the fruit (Gabler, Mercier, Jiménez, & Smilanick, 2010; Harvey, 
Harris, Hanke, & Hatsell, 1988). There is generally a low incidence of health-related illnesses 
from consumption of table grapes. However, some fungi present on the grapes can produce 
mycotoxins that can be harmful to consumers. Various molds, such as Alternaria, Aspergillus, 




2003; Pinto et al., 2015). Molds species, such as Aspergillus ochraceus, A. carbonarius, and 
Penicillium verrucosum, produce ochratoxin A and can be found on grapes (Alshannaq & Yu, 
2017; Fernández-Cruz, Mansilla, & Tadeo, 2010; Lappa, Mparampouti, Lanza, & Panagou, 
2018). Spores of the mold Botrytis cinerea (B. cinerea), causing grey rot, can survive during low 
storage temperatures even after sulfur dioxide fumigation and can cause postharvest deterioration 
of table grapes (Gabler et al., 2010; Tournas & Katsoudas, 2005).  
 Knowledge of table grape microbiota and the surrounding leaf and soil microbiota can 
improve the production of table grapes, reduce the number of pesticides and insecticides used, 
and produce better quality crops. The objectives of this study were to identify and compare the 
effect of the year, variety, and vineyard location on table grape, leaf and soil fungal communities 
and to demonstrate the similarity of fungi between the table grape, leaf, and soil samples. In 
2016 and 2017, two varieties of table grapes (released by the UA System Table Grape Breeding 
Program), Faith and Gratitude, as well as the leaves and soil were sampled in Arkansas from a 
commercial vineyard and two UA System experimental vineyards including one vineyard in a 
high tunnel. The grape, leaf, and soil mycobiota were analyzed with high-throughput amplicon 
sequencing (HTS) approach targeting the Internal Transcribed Spacer (ITS) 1 region. 
Materials and Methods 
Grape varieties 
 The seedless table grape varieties (Vitis hybrid), Faith (Ark. 1962 x Jupiter) and Gratitude 
(Ark. 1925 x Ark. 1581), evaluated in this study were developed and released by the UA System 
Fruit Breeding Program located in Clarksville, AR, United States (Clark & Moore, 2015). Faith 
table grapes have blue-skinned, medium sized berries that ripen from July to early August. 





 The vineyards of the table grape varieties were located in Arkansas and are part of the 
Ozark Mountain American Viticultural Area (AVA) (Figure 1). This AVA includes Northwest 
Arkansas, Southern Missouri, and Northeast Oklahoma. The United States Department of 
Agriculture (USDA) hardiness zone for these locations in Arkansas varied from 7a to 7b 
(Agricultural Research Service, 2012). Management practices such as trellis systems, grapevine 
training systems, pruning methods, soil amendments, and pest control varied at each site, as did 
the age of vines. Trellis systems for these grapes included single wire bi-lateral high-cordon, 
Geneva Double Curtain, and Six-arm Kniffin systems. Row length and number of plants per row 
varied at each site. Pest management and spray programs typically followed the 
recommendations in the Midwest Fruit Pest Management Guide (Beckerman et al., 2019), but 
detailed protocols were not disclosed by the commercial vineyard.  
 Table grapes (Faith and Gratitude) were grown in a commercial vineyard in Altus, AR 
United States, and in UA System experimental vineyards in Clarksville and Fayetteville, AR, 
United States. These include:  
 Post Vineyards and Winery (Post) in Altus, AR [west-central Arkansas, lat. 35.44° N and 
long. 93.76° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The soil type 
in this vineyard was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic 
Hapludult) (Natural Resources Conservation Service, 2014).   
UA Agricultural Research and Extension Center (UA AREC) in Fayetteville, AR [north-west 
Arkansas, lat. 36.67° N and long. 94.10° W; USDA hardiness zone 7a (Agricultural Research 




Fragiudult) (Natural Resources Conservation Service, 2014). This vineyard uses a high-tunnel 
system (plastic-covered structure). 
UA Fruit Research Station (UA FRS) in Clarksville, AR [west-central Arkansas, lat. 35.31° N 
and long. 93.24° W; USDA hardiness zone 7b (Agricultural Research Service, 2012)]. The soil 
type was Linker fine sandy loam (fine-loamy, siliceous, semi active, thermic Typic Hapludult) 
(Natural Resources Conservation Service, 2014).  
 The maximum and minimum temperatures and cumulative rainfall data in 2016 and 2017 
were collected at UA FRS (Appendix Figure 1). The average minimum and maximum 
temperature were 11-22°C in 2016 and 11-21°C in 2017. A greater average rainfall was observed 
in 2017 (109.3 mm) compared to 2016 (88.9 mm). Table grapes bloom in late March/early April 
in Arkansas and were harvested late July/early August (Table 1). 
Grape, soil, and leaf sampling 
 Berry, soil, and leaf samples from both table grape varieties were collected between July 
and August in 2016 and 2017. Samples were taken seven days prior to harvest when grapes were 
about 15% soluble solids, but the grapes were occasionally harvested as needed if there was 
potential for decline in fruit quality due to pests/disease or weather would interfere with harvest. 
Samples were collected in triplicate. A total of 108 samples were collected (2 grape varieties * 3 
vineyard locations * 3 replicates * 2 years * 3 types of samples). 
 For each vineyard location, about 100 marketable berries (no visible decay or rot) were 
aseptically harvested into plastic bags from 3 or 5 randomly selected vines representing a 
replicate, as described in Table 1. This procedure was repeated three times on different vines to 
obtain three replicates. Single berries were collected instead of whole bunches to assure that no 




 The soil samples were collected with an autoclaved and sterilized 2-cm diameter soil 
probe at a depth of 2.5-10 cm (topsoil layer) 10 cm from the grapevine trunk. The soil was 
sampled aseptically into sterile Whirl-Pak® bags (Nasco, Madison, WI, United States) from 
three selected vines (same vines for grape sampling) representing a replicate. This was repeated 
three times on the same vines selected for grape berry sampling to obtain three replicates. 
 Leaves located next to grape clusters with no sign of diseases or fungal growth were 
collected aseptically into plastic bags from the same vines selected for grape berry sampling. 
Between 8-10 leaves were collected and placed into plastic bags representing a replicate. This 
was repeated three times on the same vines selected for grape berry sampling to obtain three 
replicates. 
In 2016, vine row selection for sampling was random, but the sampling was repeated in the same 
rows and vines for grapes, leaves, and soil in 2017. A total of three replicates from each variety 
and vineyard location were collected in both years. 
DNA extraction  
 Fungal DNA was extracted from grape, leaf, and soil samples. Sterile laboratory blender 
bags were filled with about 30 berries and weighed. The berries were manually and aseptically 
crushed and pressed in the sterile laboratory blender bags. The resulting grape juice was 
collected in 50-mL sterile Eppendorf tubes. After vortexing, 2 mL of juice was collected from 
the 50-mL tubes into 2-mL sterile tubes. The 2-mL sterile tubes were centrifuged at 13,300 rpm 
for 3 min, and the resulting cell pellets were resuspended and washed three times with sterile 
water. From this point, the DNA extraction was carried out with the QIAamp® Fast DNA Stool 
Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions with the addition 




States) with beads for 1 min at maximum speed to ensure full disruption of microbial cells. For 
the bead beater step, 0.1 g of 0.1-mm diameter and 0.1 g of 0.5-mm diameter zirconia-silica 
beads were used (BioSpec Products, Bartlesville, OK, United States). Moreover, to obtain more 
concentrated DNA at the final elution step, 50 µL of Buffer ATE was used instead of 200 µL. 
 Soil samples were homogenized, then sieved through a 2-mm mesh to remove stones and 
roots. Fungal DNA from soil samples was extracted from 0.25 g of soil using the DNeasy® 
PowerSoil Kit (Qiagen, Hilden, Germany) by following the manufacturer’s instructions.  
 Leaf samples were manually shredded and mixed while still in the bags using aseptic 
techniques. The shredded leaves (220 mg) were weighed and transferred into a screw-cap tube 
containing beads, and the same bead beater protocol as the grape samples was used. One mL of 
InhibitEX Buffer (from the QIAamp® Fast DNA Stool Mini Kit) was added to the tubes, and the 
tubes were heated for 5 min at 70°C. The screw-cap tubes were subjected to a bead-beater cell 
lysis step of 1 min at maximum speed using a FastPrep®-24 bead beater (MP Biomedicals, Santa 
Ana, CA, United States). The DNA was extracted with the QIAamp® Fast DNA Stool Mini Kit 
following the manufacturer’s protocol. 
 DNA concentration was determined spectrophotometrically using the NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). Extracted 
DNA was visualized following electrophoresis on a 2% agarose gel in 1X TAE (Tris-acetate-
ethylenediaminetetraacetic acid) buffer (AMRESCO, Cleveland, OH, United States). DNA 
extracts were stored at -20°C until further analysis. 
Universal polymerase chain reaction  
 A polymerase chain reaction (PCR) targeting the fungal ITS 1 loci of 5.8S rRNA gene 




µL DNA template, 12.5 µL of GoTaq Green Master Mix 2X (Promega, Madison, WI, United 
States), 1 µL of each primer [10 pmol] ITS1 (F) (5′- CTT GGT CAT TTA GAG GAA GTA A -
3′) and ITS4 (R) (5′-TCC TCC GCT TAT TGA TAT GC-3′) (Op De Beeck et al., 2014; White, 
Bruns, Lee, & Taylor, 1990), and 7.5 µL of sterile nuclease free water resulting in a final volume 
of 25 µL. PCR reactions conditions consisted of an initial 94°C for 3 min, followed by 35 cycles 
of denaturation at 98°C for 30 sec, annealing at 55°C for 30 sec, and elongation at 72°C for 1 
min using the Eppendorf Mastercycler pro S (Eppendorf, Hamburg, Germany). The quality was 
checked with 12% of samples randomly selected on a 2% agarose gel electrophoresis. 
Index polymerase chain reaction 
 An Index PCR targeting the fungal ITS 1 loci of 5.8S rRNA gene regions was performed 
with ITS1 and ITS2 primers using the dual-index strategy for primer design described by Kozich 
et al. (2013). Briefly, each primer consisted of the appropriate Illumina adapter (AAT GAT ACG 
GCG ACC ACC GAG ATC TAC AC for ITS1 and CAA GCA GAA GAC GGC ATA CGA 
GAT for ITS2), an 8 nt index sequence (each index being different from each other), a 10 nt pad 
sequence (TGT GGT GGC C for ITS1 and ACT GCG TCA T for ITS2), a 2 nt linker (GT for 
ITS1 and AT for ITS2) and the gene specific primer (CTT GGT CAT TTA GAG GAA GTA A 
and GCT GCG TTC TTC ATC GAT GC for ITS1 and for ITS2, respectively). PCR reactions 
(25 µL) contained 2.5 µL of Buffer II, 0.1 µL of AccuPrime™ Taq DNA Polymerase High 
Fidelity (Invitrogen, Carlsbad, CA, United States), 3 µL of DNA, 1 μL of each dual index primer 
combination. Reactions conditions consisted of an initial denaturation at 94°C for 2 min, 
followed by 35 cycles of (denaturation at 94°C for 30 sec, primer annealing at 55°C for 30 sec, 
and extension at 68 °C for 1 min) then a final extension at 72°C for 10 min using the Eppendorf 




containing positive and negative controls were chosen from the PCR plate and loaded on an 2% 
agarose gel to confirm successful amplification. 
Amplicon libraries preparation 
 The SequalPrepTM Normalization Plate Kit (Invitrogen, Carlsbad, CA, United States) was 
used to purify (elute short primers, unincorporated dNTPs, enzymes, short failed PCR products, 
and salts from PCR reactions) and normalize the PCR product reactions from the index PCR. 
The protocol was followed per the manufacturer’s instructions with minor modifications. PCR 
product (21 µL) from the PCR plate was transferred instead of 18 µL and the same volume of 
binding buffer was added. The incubation step lasted 90 min instead of 60 min. During the 
elution step, instead of incubating for 5 min, the plate was left to incubate overnight at 4°C. The 
purified DNA (10 µL of each well instead of 5 µL) was pooled the following morning.  
Library quality control 
 The pool concentration was analyzed with the Qubit ds DNA High Sensitivity Assay Kit 
(Invitrogen, Carlsbad, CA, United States). The amplicon fragments’ size was determined with an 
Agilent 2100 Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). 
The concentrations of the pools were determined by qPCR with the PerfeCta NGS Quantification 
Kit Illumina (Quanta Biosciences Inc., Beverly, MA, United States) following the 
manufacturer’s protocol. The qPCR reaction conditions consisted of an initial activation at 95°C 
for 3 min, followed by 35 cycles of (denaturation at 95°C for 15 sec, annealing at 60°C for 20 








 The amplicon pools were then denatured and diluted with 0.1 N fresh NaOH and HT1 
buffer according to the MiSeq System Guide. Denatured DNA was combined with 20% PhiX 
control Nano kit v2 and loaded on a v2 Illumina MiSeq reagent cartridge along with Index, Read 
1, and Read 2 sequencing primers (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013). The 
sequencing was performed using an Illumina Miseq (Illumina Inc., San Diego, CA, United 
States) platform.  
Soluble solids, pH, and titratable acidity analysis  
 The table grape berries from the harvest were analyzed for compositional attributes (pH, 
titratable acidity, and soluble solids). Twenty-five berries of each variety and replicate at each 
location were thawed at room temperature (25°C), placed in cheese cloth and manually squeezed 
to extract the juice. Soluble solids (expressed as percent) were determined using an Abbe Mark II 
refractometer (Bausch and Lomb, Scientific Instrument, Keene, NH, United States). The Titrino 
plus 862 compact titrosampler (Metrohm AG, Herisan, Switzerland) with the electrode 
standardized to pH 4.00, 7.00, and 10.00 buffers was used to measure pH and titratable acidity. 
Titratable acidity was determined using ~6 g of juice diluted with 50 mL deionized, degassed 
water with a titration using standardized 0.1 N sodium hydroxide to an endpoint of pH 8.2. The 
results of titratable acidity were expressed as percentage of tartaric acid. Soluble solids, pH, and 
titratable acidity were analyzed for each replicate, and the average data is presented in Table 2. 
Soil organic matter content 
 The soil organic matter (SOM) content was obtained by the Loss-on-Ignition (LOI) 
method. Briefly, ~ 10 g of soil for each replicate was oven dried at 105°C for 24h and then 




450 °C for 8h. The resulting ash was then weighed, and the SOM percentage was calculated by 
subtracting the ash weight from the oven-dry soil weight and divided by the oven dry soil 
weight. The result was then multiplied by 100 to obtain a percentage. The average of the SOM 
for the three replicates was calculated and presented in Table 3. 
Data analysis 
 Raw data generated by the Illumina Miseq instrument (Illumina Inc., San Diego, CA, 
United States) were demultiplexed, quality filtered, and analyzed using PIPITS pipeline (Gweon 
et al., 2015). The α- diversity (i.e., the diversity within a community) of the grapes, leaves, and 
soil was calculated using the Shannon diversity index (i.e., entropy measurement) on Past 3.18  
(Hammer, Harper, & Ryan, 2001). Several sample tests / Mann-Whitney pairwise with 
Bonferroni corrected p-values were performed on species richness to test the effect of the year, 
location, and grape variety for the grape, leaf, and soil communities. Non-metric 
multidimensional scaling (NMDS) plots and one-way Analysis of Similarities (ANOSIM), both 
based on Bray-Curtis similarity index, were also obtained in PAST 3.18.  
 The mean of the relative abundance of fungi present on grapes, leaves, and soil for the 
three replicates was calculated. Fungal relative abundances were illustrated on stack columns at 
the phylum and genus levels representing the fungal community profiles. These relative 
abundance profiles helped to visualize the differences among the fungal communities. For the 
genus level, only fungi present at a relative abundance greater than 1% were represented on the 
stack columns. A cut-off of 1% was chosen based on previous studies (Chou, Vanden Heuvel, 
Bell, Panke-Buisse, & Kao-Kniffin, 2018; Marzano et al., 2016). Since samples are of different 
number of sequence reads, data were considered by relative abundances rather than absolute 




locations, and varieties were considered significant when the p-value < 0.05; however, statistical 
difference should be interpreted cautiously due to the small number of replications of each 
sample (n = 3).  
 The fungal operational taxonomic units (OTUs) shared among grape, leaf, and soil 
samples were defined by a Venn-diagram analysis using the software available at 
https://bioinfogp.cnb.csic.es/tools/venny/index.html (Oliveros, 2007). 
Results and Discussion 
 The indigenous fungal microbiota of the grape berries, leaves and soil of two varieties of 
table grapes, Faith and Gratitude, grown in Arkansas in 2016 and 2017 were identified and 
quantified using HTS of the ITS1 region. A total of 108 samples (2 varieties * 3 locations * 3 
replicates * 2 years * 3 sample types (soil, leaf, and grape)) were analyzed. The table grape 
composition at harvest varied by year, variety, and location, but most of the grapes had 
commercially acceptable compositions (Table 2). The SOM (complex of plant and animal 
residues at various stages of decomposition, living and dead soil microorganisms, and diverse 
substances synthesized by these organisms) percentage varied by location, variety and in 
accordance to the type of soil at each location (Table 3). The SOM usually vary from 1 - 6% in 
agricultural soil. For a similar soil texture in the same climatic region, generally the larger the 
percentage of SOM, the better soil quality (more nutrients and water available for the plant). In 
this study, the SOM varied from 1.75 – 2.93%, which is typical for agricultural soil in Arkansas 
(~ 2%). 
Sequence analysis 
 The mycobiota of grape, leaf, and soil samples of table grape varieties were analyzed 




were obtained for the grape, leaf, and soil samples, respectively. After quality filtering, 
extraction of the ITS region, clustering (97% sequence identity) and chimera removal, the 
remaining sequences were clustered into 2,309, 662, and 1,732 OTUs for grape, leaf, and soil 
samples, respectively. The five most abundant fungal genera with a relative abundance > 1% 
identified in table grapes, leaves and soil are presented in Table 4. 
Grape berry fungal communities 
 The Shannon diversity indices (Figure 2), NMDS plots (Figures 3 and 4) and fungal 
community distribution at the phylum (Figure 5) and genus levels (Figure 6) were presented for 
the grape berries. The fungal taxonomic composition of grape samples included a total of four 
phyla (average relative abundance 30.5% ± 27.1 Basidiomycota, 28.5% ± 17.5 Ascomycota, 
0.004% ± 0.02 Mortierellomycota, and 0.001% ± 0.007 Glomeromycota), 19 classes, 43 orders, 
125 families, and 197 genera (data not shown here). Fungi of the Glomeromycota phylum are 
root symbionts (arbuscular mycorrhizal fungi) (Oehl, Sieverding, Palenzuela, Ineichen, & da 
Silva, 2011). Their presence on grapes, even at a low relative abundance, is interesting and 
confirms previous studies that report soil microbiota act as a microbial reservoir transferring 
microorganisms from the soil to grapevine trunk, grapes, and leaves either by air/dust, animals or 
directly through the roots (Madden et al., 2017; Martins et al., 2013; Mezzasalma et al., 2017, 
2018; Zarraonaindia et al., 2015). Unknown sequences (Fungi_unclassified) represented on 
average 41.1% ± 20.5 of the grape mycobiota, meaning that these sequences were not assigned to 
any known fungi during the taxonomic assignment procedure (RDP Classifier against the UNITE 






Year impact on grape mycobiota 
 The grape fungal diversity was significantly greater in 2017 than 2016 as seen on the 
Shannon diversity index boxplot (Figure 2A) (Mann-Whitney pairwise, Bonferroni corrected p-
values, p-value = 2.76E-05). Multivariate analysis was performed and the NMDS plots based on 
Bray-Curtis similarity index showed two clusters, one cluster for the grape fungal communities 
sampled in 2016 and one for the grape fungal communities sampled in 2017 (Figure 3A). The 
one-way ANOSIM confirmed that the grape fungal communities were significantly different in 
2016 and 2017 (p-value = 0.0252).  
 The mean of the relative abundance of fungi present on grapes for the three replicates (for 
both grape varieties and at each location) was calculated. Fungi relative abundances were 
illustrated on stack columns at the phylum and genus level (Figures 5 and 6, respectively) 
representing the fungal community profiles. These relative abundance profiles helped to 
visualize the differences among the fungal communities. At the genus level, only fungi present at 
a relative abundance greater than 1% were represented on the stack columns. The cut-off of 1% 
was chosen based on previous studies (Chou et al., 2018; Marzano et al., 2016). The grape fungal 
profiles at the phylum level varied between the two years for the three locations and both table 
grape varieties. Regardless of the location and table grape varieties, an increase of the 
Ascomycota phylum was observed in 2017 (Figure 5). 
 The grape fungal profile at the genus level of both grape varieties at each location 
presented dissimilarities between the two years (Figure 6 and Table 4). At UA FRS in 2017 for 
both varieties, the relative abundance of Meyerozyma (average of the relative abundance of the 
two varieties of 3.5% in 2016 to 18.6% in 2017), Saccharomycetales_unclassified (0.6 to 9.6%) , 




Sporidiobolaceae_unclassified (58.1 to 22.3%), and Filobasidium (13.3 to 7%) decreased. In 
addition, the relative abundance of Zygoascus decreased for Faith (10.4 to 0.3%) and increased 
for Gratitude (0.03 to 2.1%) in 2017. The relative abundance of Hanseniaspora decreased in 
2017 in Faith samples (4.1 to 0.4%).  
 Changes seen at Post from 2016 to 2017 included an increase in the relative abundance of 
Hannaella (1.1 to 8.9%), Didymella (3.2 to 9.4%), Dissoconium (3.3 to 6.1%), Hanseniaspora 
(0.3% to 2.3%), Meyerozyma (0.12 to 1.7%), Candida (0.01 to 0.9%) and Zygoascus (0.11 to 
1.8%) and a decrease of Sporidiobolaceae_unclassified (22.8 to 5.4%), and Filobasidium (11 to 
0.9%) in both varieties. The relative abundance of Papiliotrema in 2017 decreased in Gratitude 
grapes (3.4 to 1.8%) and stayed the same for Faith (1%).  
 At UA AREC in 2017, the relative abundance of Podosphaera (0.02 to 2.8%), Candida 
(0 to 5.2%), Penicillium (0.3 to 3.1%), Aspergillus (0.03 to 1.5%), Talaromyces (0.01 to 1.4%), 
Trichoderma (0 to 0.9%), Meyerozyma (0.02 to 1%) and Saccharomycetales_unclassified (0 to 
1.1%) increased, whereas the relative abundance of Zygophiala (1.8 to 0.6%) and Ramularia (1.4 
to 0.6%) decreased for both varieties (Figure 6, Table 4, and Appendix C Table 1).  
 The overall comparison of impact of year on mycobiota in Arkansas table grape 
vineyards showed that regardless of the location and variety, an increase in the relative 
abundances of Meyerozyma, Candida, and Podosphaera was observed in 2017. The year had an 
impact on the table grape distribution and diversity of fungal communities. However, the 
dominant fungi remained present across both years (UA FRS: Filobasidium and 
Sporidiobolaceae_unclassified, Post: Didymella, Dissoconium, and 
Sporidiobolaceae_unclassified, UA AREC: Cladosporium). Among the dominant yeasts 




previously identified in vineyards (Agarbati, Canonico, Ciani, & Comitini, 2019; Alessandria et 
al., 2015; Cordero-Bueso et al., 2017; Garofalo, Tristezza, Grieco, Spano, & Capozzi, 2016; Hall 
& Wilcox, 2019; Setati, Jacobson, Andong, & Bauer, 2012; Stefanini et al., 2016; Vaudano et al., 
2019). Alessandria et al. (2015) detected Hanseniaspora spp. and C. zemplinina on Barbera 
grapes in Italy. Hall & Wilcox (2019) detected Hanseniaspora spp. and Candida spp. as 
endophytic yeasts present in grape berry pulp (from different V. vinifera varieties and V. 
labruscana Concord) from a vineyard in Kennewick, Washington, two vineyards in Geneva, 
New York, from three vineyards in Tasmania, Australia, and from table grapes (Red Globe 
variety) exported from Chile (purchased in a supermarket in Geneva, NY). Garofalo et al. (2016) 
detected H. uvarum, H. opuntiae, H. guilliermondii, and C. zemplinina on Uva di Troia grape 
variety in Italy. H. uvarum are the main yeasts found during the first stages of fermentation. 
These fermentative ascomycetous yeasts can be found on damaged grapes as well as the 
oxidative ascomycetous yeasts, Candida spp. and Zygoascus spp. (Barata, Malfeito-Ferreira, & 
Loureiro, 2012a; Setati et al., 2012). Although presence of damaged grapes in the vineyards was 
not evaluated as part of the study, there was notable presence of damaged grapes at Post and UA 
FRS in 2017, corroborating the increase of relative abundance of these yeasts.  
 Filobasidium spp. are oxidative basidiomycetous yeasts detected on intact undamaged 
berries after veraison (onset of berry ripening) to harvest. These yeasts are found on grapes but 
also on leaves and soil in vineyards (Setati et al., 2012; Stefanini et al., 2017). F. capsuligenum 
were previously described as the main species isolated (60% frequency of isolation) from 
vineyard soil in Tarragona, Spain (Sabate, Cano, Esteve-Zarzoso, & Guillamón, 2002).  
 Didymella sp., ascomycetous fungi that cause vines lesions and necrosis, were found in 




Cladosporium cladosporioides was detected in Riesling berry pulp from grapes grown in 
Northern Tasmania, Australia. C. arthropodii and C. delicatulum were both detected in Cabernet 
Sauvignon and C. delicatulum was also detected in Gewurztraminer and Rousanne berry pulp of 
grapes grown in Kennewick, Washington (Hall & Wilcox, 2019).  
Trichoderma viride was detected in Chardonnay berry pulp in Geneva, New York (Hall & 
Wilcox, 2019) 
 However, the other most abundant yeasts found in previous studies included 
Aureobasidium pulluans, Metschnikowia spp., Pichia spp., Rhodotorula spp., and Cryptococcus 
spp. were found in our study at low abundance (Alessandria et al., 2015; Hall & Wilcox, 2019). 
Hall et al. (2019) discovered on table grape Red Globe variety that 89% of the fungal reads were 
Metschnikowia pulcherrima, followed by Pichia spp. (5.4%) and S. cerevisiae (2.9%). They also 
recovered and identified Hanseniaspora spp., Metschnikowia spp. and Pichia spp. from all 
samples. 
 Alessandria et al. (2015) observed by culture-dependent and independent methods that 
Barbera grape mycobiota from the Piedmont region, Italy, was mainly composed of the yeast 
like-fungi A. pullulans (73% of the isolates), Rhodotorula glutinis (12%), Hanseniaspora spp. 
(8%), Issatchenkia terricola (also called Pichia terricola, 5%), T. delbrueckii (1%) and 
Cryptococcus carnescens (1%). 
Location impact on grape mycobiota 
 The grape fungal communities were grouped by location and clustered apart from each 
location on the NMDS plots (Figures 3B and 4A). The one-way ANOSIM confirmed that the 
grape fungal communities were significantly different at each location (p-value = 0.0001) during 




  The fungal profiles at the phylum level varied between the three locations (Figure 5). The 
fungal profile of table grapes from UA AREC presented more dissimilarities compared to the 
two other locations at Post and UA FRS. Table grapes from UA AREC carried a smaller relative 
abundance of Basidiomycota (3% compared to 56.2 and 32% at UA FRS and Post, respectively) 
and a larger relative abundance of Fungi_unclassified compared to the two other locations (63% 
compared to 16.7 and 44% for UA FRS and Post, respectively). In 2017, a decrease in 
Basidiomycota was observed at both UA FRS and Post (73.3 to 39.1% for UA FRS and 41 to 
23.3% for Post) and an increase in Ascomycota was observed for all three locations (15.7 to 
38.7% for UA FRS, 12.8 to 35.2% for Post, and 25.9 to 43% for UA AREC). 
 The grape fungal profile at the genus level presented dissimilarities between the three 
locations (Figure 6 and Table 4). The grape fungal profile at UA FRS and Post presented some 
similarities such as a large relative abundance of Sporidiobolaceae_unclassified (> 15%) and 
Filobasidium (> 5%); however, the fungal profile at these two locations was different. 
Regardless of the year and table grape varieties, the major genera (> 5%) present at UA FRS 
were Meyerozyma and Filobasidium; at Post: Didymella, Hannaella, Filobasidium, and at UA 
AREC: Cladosporium.  
 Cladosporium sp. growth has been associated with high relative humidity (Bokulich, 
Thorngate, Richardson, & Mills, 2014). The high tunnel structure can increase the moisture 
inside the canopy potentially explaining the larger relative abundance of the mold Cladosporium 
detected.  
Similarly, Xiao et al. (2001) compared the microbiota of strawberries growing in tunnel and open 
field plots. They observed that while a lower incidence of B. cinerea (causing bunch rot) was 




Sphaerotheca macularis, mold causing powdery mildew in strawberries, was detected and that 
was due to the favorable temperature and humidity inside the tunnel for mold growth (Xiao et al., 
2001). In summary, the location factor had an impact on the grape fungal communities. The high 
tunnel presented a contrasting grape fungal profile compared to the uncovered commercial and 
experimental vineyards. 
Variety impact on grape mycobiota 
 The grape fungal communities of Faith and Gratitude varieties overlapped on the NMDS 
plot (Figure 3C) and were not significantly different (p-value = 0.3759). Variety by location was 
investigated in greater detail (Figure 4B). The grape fungal communities of Faith and Gratitude 
varieties clustered together by location and overlapped at Post and UA AREC. The one-way 
ANOSIM pairwise confirmed that the fungal communities of the two varieties at Post and UA 
AREC were not significantly different (p-value = 0.114 for Post and p-value = 0.5641 for UA 
AREC). However, at UA FRS the fungal varieties of Faith and Gratitude were significantly 
different (p-value = 0.0279). 
 Similarly, the grape fungal profile at the phylum and genus levels for the two varieties 
(Figures 5 and 6, respectively) were relatively similar at Post and UA AREC in 2016 and 2017. 
However, the fungal profile of Faith and Gratitude at UA FRS presented a few dissimilarities, 
mainly in relative abundance. For instance, Faith grapes harbored a larger relative abundance of 
Ascomycota than Gratitude during both years (44.7% for Faith and 9.7% for Gratitude grapes). 
At the genus level, Faith grapes carried a greater relative abundance of Meyerozyma, while 
Gratitude grapes had a larger relative abundance of Filobasidium, for both years. At Post, 




grape fungal profile at UA FRS was different between the two varieties of table grapes, the 
variety did not have a significant impact on the grape fungal communities. 
Leaf fungal communities 
 The fungal taxonomic composition of leaf samples contained a total of three phyla 
(35.5% ± 29.2 Basidiomycota, 25.4% ± 22.3 Ascomycota, 0.02% ± 0.3 Mortierellomycota and 
39.1% ± 14 Fungi_unclassified), 17 classes, 41 orders, 91 families, and 142 genera (data not 
shown). Pinto et al. (2014) also found that Ascomycota (26.3%) and Basidiomycota (16.9%) 
were the main phyla identified on grapevine Tempranillo leaves in Portugal. Other phyla 
including Chytridiomycota, Blastocladiomycota, and Rozella, were detected at smaller 
abundance (sum represented 4.3% of leaf mycobiota), but they did not identify fungi from the 
Mortierellomycota phylum. The Fungi_unclassified represented 24.7% of the leaf mycobiota 
(Pinto et al., 2014). NMDS plots (Figures 7 and 8) and the fungal community distribution at the 
phylum (Figure 9) and genus levels (Figure 10) were presented for the leaf samples. 
Year impact on leaf mycobiota 
 The leaf fungal diversity was significantly greater in 2017 than in 2016 (Mann-Whitney 
pairwise, Bonferroni corrected p-values, p-value = 0.04127) (Figure 2B). The leaf fungal 
communities clustered per year, and the two clusters overlapped (Figure 7A). The one-way 
ANOSIM confirmed that there were no significant differences between the fungal communities 
of leaf collected in 2016 and 2017. However, the leaf fungal communities observed by year and 
location clustered apart (Figure 8A). The leaf fungal communities of each location varied 
significantly from one year to another (Post p-value = 0.0021, UA FRS: p-value = 0.0044), even 




 The leaf fungal profile at the phylum level showed slight dissimilarities between the two 
growing seasons at the three locations (Figure 9). In 2017, an increase of Ascomycota was 
observed at Post and UA AREC, a decrease of Basidiomycota was observed at Post and a 
decrease of Fungi_unclassified was noticed at UA AREC.  
 The leaf fungal profile at the genus level also showed slight dissimilarities, mainly in 
genera relative abundance (Figure 10 and Table 4). For instance, at UA FRS the relative 
abundance of Didymella, Filobasidium, and Erysiphe, decreased drastically in 2017, while the 
relative abundance of Papiliotrema increased. At Post, the relative abundance of few fungi 
increased in 2017, such as Didymella, Symmetrospora, Erysiphe, Hannaella 
Pleosporales_unclassified, Microbotryomycetes_unclassified, Mycosphaerellaceae_unclassified, 
for both varieties. Sporidiobolaceae_unclassified and Filobasidium decreased in 2017. At UA 
AREC the main change in 2017 was the increase in relative abundance of Cladosporium, 
followed by Mycosphaerellaceae_unclassified, and Ramularia, for both varieties. Faith leaves 
also carried Erysiphe in 2017, although these were undetected in 2016 for Faith and Gratitude 
and in 2017 for Gratitude.  
 E. necator is an ascomycetous mold that induces powdery mildew so its presence on 
vines is undesired. As with other molds such as Cladosporium spp., growth is promoted by 
weather conditions (i.e., temperature and humidity) (Barata, Malfeito-Ferreira, & Loureiro, 
2012b). Symmetrospora spp. were previously classified as members of the Rhodotorula or 
Sporobolomyces genera (Haelewaters, Toome-Heller, Albu, & Aime, 2020). Symmetrospora spp. 
were identified from different types of plant leaves, especially in Asian studies (Peng et al., 




effect on the leaf fungal community structure and relative abundance at the three locations and 
can be observed easily at Post and UAFRS leaf fungal profiles at the genus level. 
Location impact on leaf mycobiota 
 The leaf fungal communities clustered by location, with the fungal communities of Post 
and UA FRS similar and distinct from UA AREC (Figure 7B). The one-way ANOSIM 
confirmed that leaf fungal communities at the three locations were significantly different from 
each other (p-value = 0.0001). However, when observing the NMDS plots of the leaf fungal 
communities clustered by location and year, it appeared that the fungal communities of Post and 
UA FRS overlapped in 2016 and the one-way ANOSIM (Bonferroni corrected p-values) 
confirmed that the fungal communities at these two locations were not significantly different in 
2016 (Figure 8A). 
 The leaf fungal profiles at the phylum level varied between the three locations (Figure 9). 
Some similarities were shared between UA FRS and Post vineyards. For these two locations, the 
leaf fungal profile was composed of a larger relative abundance of Basidiomycota (average 
relative abundance 52.3%), while at UA AREC the major phylum was Ascomycota (52%), 
regardless of the year or varieties (Figure 9). The high tunnel structure promoted the growth of 
Ascomycota as seen in these grape samples. 
 At the genus level (Figure 10), the leaf fungal profiles presented the same type of 
dissimilarities as at the phylum level. Leaves from UA FRS and Post harbored an important 
relative abundance of Sporidiobolaceae_unclassified (49.5 and 24% respectively). The main 
genera at UA FRS were Filobasidium, Didymella, and Papiliotrema; at Post: Filobasidium, 




Cladosporium (46.4%) (Figure 10 and Table 4). Cladosporium spp. was previously found on 
grapevine leaves (Singh, Santoni, Weber, This, & Péros, 2019) 
 There were strong similarities between the grape and leaf predominant fungi (At UA FRS 
and Post: Sporidiobolaceae_unclassified, Filobasidium and at UA AREC: Cladosporium). 
Moreover, Dioszegia spp. that were present at low abundance mainly on grapes from Post were 
also identified on leaves mostly at Post at low abundance. Dioszegia spp. were previously 
associated with arbuscular myccorhizal fungi, having a beneficial effect on the vine growth 
(Renker, Blanke, Börstler, Heinrichs, & Buscot, 2004). In summary, the location had an 
important effect on the leaf fungal microbiota with a clear distinction observed between the high 
tunnel and uncovered (traditional) vineyards. 
Variety impact on leaf mycobiota 
 The leaf fungal communities clustered by variety and overlapped (Figure 7C). For each 
location, the leaf fungal communities of Faith and Gratitude overlapped (Figure 8B). The one-
way ANOSIM pairwise confirmed that the fungal communities of Faith and Gratitude for each 
location were not significantly different (p-values > 0.05). Faith and Gratitude at Post and UA 
FRS clustered apart from Faith and Gratitude at UA AREC, and Gratitude at Post and UA FRS 
overlapped. The one-way ANOSIM confirmed that the fungal communities of Gratitude at Post 
and UA FRS were not significantly different (p-value = 0.0798). The leaf fungal profiles were 
relatively similar between Faith and Gratitude varieties for the three locations during both years, 
at the phylum level (Figure 9) and at the genus level (Figure 10).  
 The leaf mycobiota presented strong similarities with the grape mycobiota (in terms of 
composition of communities not relative abundance). The five most abundant fungal genera were 




Didymella, and Papiliotrema at UA FRS and Post; Cladosporium and Ramularia at UA AREC. 
Other fungal genera were predominant in only one type of sample, such as, the phytopathogenic 
(Erisiphe spp.) fungi and Symmetrospora that were detected only at a large relative abundance in 
all leaf samples, and Meyerozyma and Zygophiala that were detected at a large relative 
abundance in grape samples at UA FRS and UA AREC, respectively. 
Soil fungal communities 
 The fungal taxonomic composition of soil samples covered a total of 12 phyla (major 
phylum Mortierellomycota with an average 45.8% ± 32.6%, followed by Ascomycota 15.6% ± 
13.3, Basidiomycota 7.4% ± 6.8, and Glomeromycota 6.2% ± 7, the sum of the nine other phyla 
represented 1.4% ± 3.7 of the fungal population, the unclassified fungal sequences corresponded 
to 23.6% ± 17.3), 26 classes, 62 orders, 110 families, and 177 genera (data not presented). 
Mortierellomycota phylum was small in grapes and leaves (0.02 and 0.015%, respectively) but 
was the major phylum in the soil (45.8%). NMDS plots (Figures 11 and 12) and the fungal 
community distribution at the phylum (Figure 13) and genus levels (Figure 14) were presented 
for the soil samples. 
Year impact on soil mycobiota 
 The soil fungal diversity was significantly greater in 2017 (Mann-Whitney pairwise, 
Bonferroni corrected p-values, p-value = 1.81E-05) (Figure 2C). The soil fungal communities 
clustered by year (Figure 11A), and although it seemed that the two clusters overlapped, the one-
way ANOSIM confirmed that the soil fungal communities were significantly different between 
the two years (p-value = 0.0001). When analyzing the soil fungal composition by year and 




2017, The fungal communities were significantly different at each location in 2016 and 2017 (p-
value = 0.0122 for UA FRS, p-value = 0.0021 for Post, and p-value = 0.0017 for UA AREC). 
 The distribution of fungal phyla is presented in Figure 13. The soil fungal profiles at the 
phylum level varied for each location between the two years. The relative abundance of 
Mortierellomycota decreased in 2017 at the three locations, while the relative abundance of 
Ascomycota, Basidiomycota, and Glomeromycota increased. 
 The dissimilarities between the two sampling years were more visible at the genus level 
(Figure 14), where in 2017 a larger fungal diversity was observed. For example, soil collected at 
Post in 2016 presented a high abundance of Mortierella (41.4 and 10.7% for Faith and Gratitude, 
respectively) while in 2017, the two main genera were Clonostachys (9.5 and 7.7% for Faith and 
Gratitude, respectively) and Fusicolla (5.7 and 1.7% for Faith and Gratitude, respectively). 
Mortierella spp. are saprotrophs, living in soil from decaying organic matter, and are often 
detected in vineyard soils (Chou et al., 2018; Mandl et al., 2018). Clonostachys rosea identified 
in this study, are entomopathogens often found in vineyard soil (Mandl et al., 2018). Their ability 
to parasitize other fungi and nematodes makes them potential candidates as a biological pest 
control agent (Uzman, Pliester, Leyer, Entling, & Reineke, 2019) and their presence in 2017 is 
considered beneficial for the vine growth. In summary, the year had a significant impact on the 
soil fungal communities. Overall, for the three locations, a decrease in Mortierella and an 
increase in relative abundance of other fungi was observed in 2017.  
Location impact on soil mycobiota 
 The soil fungal communities were grouped by location and, even though it seemed that 
the groups overlapped (Figure 11B), the one-way ANOSIM confirmed that the soil fungal 




soil fungal profiles at the phylum level slightly varied between the three vineyards (Figure 13). 
For example, soil collected at Post carried a smaller relative abundance of Glomeromycota than 
the two other locations.  
 At the genus level, the fungal profiles of each location presented larger dissimilarities 
(Figure 14). The main fungi were Mortierella, Mortierellaceae_unclassified, and 
Mortierellales_unclassified, for all locations (representing up to 91.5% for Faith at Post in 
2016/45% average for all locations of the sum of the three fungi). The genus Mortierella was 
ubiquitous to soil collected at each location during the two vintages. It was the major genus 
representing up to 63% of the fungal population of UA FRS in Faith soil samples in 2016. 
However, the fungal communities present at a smaller abundance varied between the three 
locations. In summary, the location had an important impact on the soil fungal communities of 
smaller abundance.  
Variety impact on soil mycobiota 
 The soil fungal communities of Faith and Gratitude were clustered together (Figure 11C) 
and for each location (Figure 12B). The one-way ANOSIM pairwise supported that the soil 
fungal communities were not significantly different between the two varieties at each location 
(p-value = 1). The soil fungal profiles of Faith and Gratitude varieties at the phylum level, were 
relatively similar between the three vineyards, in 2016 and in 2017 (Figure 13).  
At the genus level, the fungal profiles between the two varieties were relatively similar with only 
few differences in relative abundance (Figure 14). In summary, the grape variety did not have an 






Differences between grape, leaf, and soil mycobiota 
 The fungal diversity was greater for grape, leaf, and soil samples in 2017 (Figure 2). 
Grape berry growth occurs from late spring to harvest (May-August), so the lower temperatures 
and higher rainfall in 2017 as compared to 2016 could have impacted vineyard mycobiota 
distribution and relative abundance. 
Regardless of year, location, and variety, the fungal communities identified were different for the 
soil (29.5%) followed by the grapes (20.4%), and the leaves (8.2%) (Figure 15). The grape, leaf, 
and soil samples from the table grape vineyards shared 20.6% of the fungal genera representing 
the “core” vineyard microbiota present in all types of samples.  
Grapes and leaves shared more fungal communities (13.6%) than the soil and grapes (6.6%) and 
soil and leaves (1.1%).  
Conclusion 
 This study identified and compared the impact of year, variety, and location of 
commercial and experimental table grape vineyards in Arkansas on fungi communities from 
grape, leaf, and soil samples using HTS approach targeting the ITS 1 region. A significantly 
larger fungal diversity was detected for the grape, leaf, and soil samples in 2017. The year had an 
impact on the fungal communities, but location was the main factor influencing the grape and 
leaf fungal microbiota. The grape and leaf fungal microbiota of the traditional (not in a high 
tunnel) vineyards presented similarities, while the microbiota in high tunnel was different. For 
the soil, the fungal communities varied between the three locations and the two years. The 
identification of table grape microbiota in Arkansas vineyards provided data to assist grape 
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Table 1. Number of vines for grape and leaf sampling per replicate (three replicates per 
variety and per year) and sampling dates of table grape varieties at different commercial 








aVineyards: Post (Post Vineyards and Winery in Altus, AR), UA FRS (University of Arkansas 
Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 
















Vines per replicate in vineyards 
























Table 2. Harvest composition of table grape varieties at different commercial and 
experimental vineyardsa in Arkansas (2016 and 2017). 
 
aVineyards: Post (Post Vineyards and Winery in Altus, AR), UA FRS (University of Arkansas 
Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 















Soluble solids  
(%) 
pH 
Titratable acidity  
(% tartaric acid) 
2016 
Faith Post 13.7 3.51 0.54 
Faith UA FRS 17.2 3.70 0.54 
Faith UA AREC 15.3 3.30 0.67 
Gratitude Post 13.8 3.28 0.78 
Gratitude UA FRS 16.3 3.50 0.64 
Gratitude UA AREC 12.5 2.94 1.07 
2017 
Faith Post 14.0 3.17 0.61 
Faith UA FRS 16.1 2.66 0.83 
Faith UA AREC 16.0 2.52 0.61 
Gratitude Post 15.8 3.46 0.45 
Gratitude UA FRS 16.3 3.10 0.57 




Table 3. Organic matter percentage of soil collected from table grape varieties at different 




aVineyards: Post (Post Vineyards and Winery in Altus, AR), UA FRS (University of Arkansas 
Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 
Research and Extension Center in Fayetteville, AR). The values correspond to the average of the 
three replicates, σ: standard deviation. 
 
 















Linker fine sandy loam                                                   
(fine-loamy, siliceous, semi active, 
thermic Typic Hapludult) 
UA FRS 
Linker fine sandy loam                                                      
(fine-loamy, siliceous, semi active, 
thermic Typic Hapludult) 
UA AREC
Captina silt loam                                                                  




Linker fine sandy loam                                                   
(fine-loamy, siliceous, semi active, 
thermic Typic Hapludult) 
UA FRS 
Linker fine sandy loam                                                      
(fine-loamy, siliceous, semi active, 
thermic Typic Hapludult) 
UA AREC
Captina silt loam                                                                  








Table 4. Five most abundant fungal genera with a relative abundance (> 1%) identified in table grapes, leaves, and soil from 




Faith Zygoascus Filobasidium Meyerozyma Hanseniaspora Didymella
Gratitude Filobasidium Papiliotrema Penicillium Didymella Meyerozyma
Faith Meyerozyma Papiliotrema Filobasidium Candida Podosphaera
Gratitude Filobasidium Papiliotrema Zygoascus Podosphaera Meyerozyma
Faith Filobasidium Dissoconium Didymella Hannaella Papiliotrema
Gratitude Filobasidium Papiliotrema Didymella Dissoconium Dioszegia
Faith Hannaella Dissoconium Didymella Zygoascus Hanseniaspora
Gratitude Didymella Dissoconium Hannaella Papiliotrema Filobasidium
Faith Cladosporium Ramularia Zygophiala Penicillium Filobasidium
Gratitude Cladosporium Zygophiala Ramularia Papiliotrema Penicillium
Faith Cladosporium Podosphaera Candida Penicillium Ramularia
Gratitude Cladosporium Podosphaera Candida Penicillium Aspergillus
VARIETY LOCATION
Faith Filobasidium Papiliotrema Erysiphe Didymella Ramularia
Gratitude Filobasidium Didymella Erysiphe Papiliotrema Hannaella
Faith Papiliotrema Filobasidium Symmetrospora Dioszegia Hannaella
Gratitude Filobasidium Papiliotrema Symmetrospora Hannaella Dioszegia
Faith Filobasidium Didymella Dioszegia Papiliotrema Symmetrospora
Gratitude Filobasidium Didymella Papiliotrema Symmetrospora Hannaella
Faith Didymella Hannaella Papiliotrema Erysiphe Dioszegia
Gratitude Didymella Symmetrospora Filobasidium Erysiphe Hannaella
Faith Cladosporium Ramularia Filobasidium Hannaella Papiliotrema
Gratitude Cladosporium Ramularia Filobasidium Hannaella Symmetrospora
Faith Cladosporium Erysiphe Ramularia Filobasidium Hannaella
Gratitude Cladosporium Ramularia Filobasidium Symmetrospora Hannaella
5 MOST ABUNDANT FUNGI IN TABLE GRAPES 



















Table 4. (Cont.) 
 
Relative abundance (> 1%) recovered in table grape, leaf and soil samples at each sampling locality, in 2016 and 2017. UA FRS: 
University of Arkansas Fruit Research Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, Post: 
Post Vineyards and Winery. 
In bold genera with a relative abundance > 1%, genera that are not bold were identified at a relative abundance < 1%. Unclassified at 





Faith Mortierella Filobasidium Glomus Lipomyces Solicoccozyma
Gratitude Mortierella Solicoccozyma Lipomyces Glomus Ilyonectria
Faith Mortierella Meyerozyma Glomus Zygoascus Rhizophagus
Gratitude Mortierella Lipomyces Solicoccozyma Filobasidium Glomus
Faith Mortierella Clonostachys Zopfiella Solicoccozyma Fusicolla
Gratitude Mortierella Clonostachys Zopfiella Acremonium Fusicolla
Faith Clonostachys Fusicolla Mortierella Didymella Acremonium
Gratitude Clonostachys Stropharia Fusicolla Didymella Mortierella
Faith Mortierella Humicola Solicoccozyma Ilyonectria Dactylonectria
Gratitude Mortierella Humicola Glomus Solicoccozyma Ilyonectria
Faith Mortierella Glomus Dactylonectria Solicoccozyma Zopfiella















Figure 1. Map of Arkansas showing the American Viticultural Area (AVA) and the 
vineyard locations for grape, leaf, and soil sampling in 2016 and 2017. 
Vineyards: Post (Post Vineyards and Winery in Altus, AR), UA FRS (University of Arkansas 
Fruit Research Station in Clarksville, AR), UA AREC (University of Arkansas Agricultural 





Figure 2. Shannon diversity indices for (A) grape, (B) leaf and (C) soil of table grape 
varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Letters indicate significant differences (Mann-Whitney, Bonferroni corrected p-values, 






Figure 3. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of grape samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year (A), by vineyard (B), and by grape variety (C). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (ANOSIM p-
value = 0.0252). (B) blue: UA FRS, red: UA AREC, green: Post, cross: Faith, round: Gratitude, 
(p-value = 0.0001). (C) blue: Faith, red: Gratitude, filled circle: UA FRS, cross: UA AREC, 






Figure 4. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of grape samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year and vineyard (A) and by grape variety and vineyard (B). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (ANOSIM p-
value = 0.0001) 









Figure 5. Fungal community distribution recovered in grape samples from the three vineyards at the phylum level of table 
grape varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance recovered in grape samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit Research 
Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, Post: Post Vineyards and Winery. 
Mortierellomycota and Glomeromycota phyla were present at a relative abundance lower than 0.03% (Mortierellomycota: 0.019% at 
UAFRS Gratitude in 2017 and 0.024% in Post Gratitude in 2017; Glomeromycota: 0.014% in UA FRS Gratitude in 2017) and are 
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Figure 6. Fungal community distribution (relative abundance > 1%) recovered in grape samples from the three vineyards at 
the genus level of table grape varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in grape samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit 
Research Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, Post: Post Vineyards and Winery.  
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Figure 7. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of leaf samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year (A), by vineyard (B), and by grape variety (C). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (p-value = 
0.0931). (B) blue: UA FRS, red: UA AREC, green: Post, cross: Faith, round: Gratitude, (p-value 
= 0.0001). (C) blue: Faith, red: Gratitude, filled circle: UA FRS, cross: UA AREC, circle: Post, 






Figure 8. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of leaf samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year and vineyard (A) and by grape variety and vineyard (B). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (p-value = 
0.0001). (B) blue: UA FRS, red: UA AREC, green: Post, cross: Faith, circle: Gratitude, (p-value 









Figure 9. Fungal community distribution recovered in leaf samples from the three vineyards at the phylum level of table grape 
varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance recovered in leaf samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit Research 
Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, Post: Post Vineyards and Winery. 
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Figure 10. Fungal community distribution (relative abundance > 1%) recovered in leaf samples from the three vineyards at 
the genus level of table grape varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit 
Research Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, Post: Post Vineyards and Winery.  
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Figure 11. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of soil samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year (A), by vineyard (B), and by grape variety (C). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (p-value = 
0.0001). (B) blue: UA FRS, red: UA AREC, green: Post, cross: Faith, round: Gratitude, (p-value 
= 0.0001). (C) blue: Faith, red: Gratitude, filled circle: UA FRS, cross: UA AREC, circle: Post, 






Figure 12. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of soil samples at the genus level of 
table grape varieties at different commercial and experimental vineyards in Arkansas 
(2016 and 2017), by year (A), by vineyard (B), and by grape variety and vineyard (C). 
(A) blue: 2016, red: 2017, filled circle: UA FRS, cross: UA AREC, circle: Post, (p-value = 
0.0001). (B) blue: UA FRS, red: UA AREC, green: Post, cross: Faith, round: Gratitude, (p-value 








Figure 13. Fungal community distribution recovered in soil samples from the three vineyards at the phylum level of table 
grape varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance recovered in soil samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit Research 
Station, UA AREC: University of Arkansas Agricultural Research and Extension center, Post: Post Vineyards and Winery. 
Chytridiomycota, Calcarisporiellomycota, Olpidiomycota, Kickxellomycota, Blastocladiomycota, Basidiobolomycota, and 
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Figure 14. Fungal community distribution (relative abundance > 1%) recovered in soil samples from the three vineyards at the 
genus level of table grape varieties at different commercial and experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in soil samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit 
Research Station, UA AREC: University of Arkansas Agricultural Research and Extension center, Post: Post Vineyards and Winery. 







Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude


































Figure 15. Venn Diagram illustrating the overlap of fungal genera identified and shared 
between grapes, leaf, and soil samples of table grape varieties from different commercial 
and experimental vineyards in Arkansas (2016 and 2017). 
The intersections represent the number of fungal genera shared between the different types of 





Impact of sulfite addition and yeast inoculation on fungal diversity and succession during 
wine fermentation 
Abstract 
 Indigenous grape mycobiota has the potential to impact wine characteristics. The 
awareness of initial grape mycobiota and mycobiota dynamics during fermentation are important 
for winemakers to produce wines with unique attributes of the grape-growing region. The 
development of molecular methods to identify mycobiota provides a new approach for analysis 
in difficult media such as wine. The influence of sulfite levels and yeast inoculations on the 
juice/wine mycobiota during fermentation (0, 14, and 21 days) was evaluated using high-
throughput sequencing approach of the internal transcribed spacer 1 region. The study was done 
using two wine grapes, Noble muscadine (Vitis rotundifolia) and Vignoles (Vitis hybrid) grown 
in Arkansas. The wine was fermented at three sulfite levels (0, 10, and 20 mg/L), and the yeast 
inoculations included None, Torulaspora delbrueckii (Biodiva™), and Saccharomyces 
cerevisiae (EC-1118). The indigenous grape microbiota varied in fungal communities in relative 
abundances. Main fungal genera present a relative abundance > 1% were the same for both 
varieties but at different relative abundance. The four main fungal genera found in both varieties 
were Podosphaera, Candida, Phialemoniopsis, and Meyerozyma. Similar diversity patterns were 
observed for the two varieties, with a decrease of the fungal diversity at day 14 and increase at 
day 21. Juices inoculated with T. delbrueckii were rapidly colonized by Torulaspora species 
from day 0 for both varieties, while Saccharomyces species took longer to dominate when 
inoculated with S. cerevisiae especially for Noble. Uninoculated juices varied in fungal species 




abundant genera detected, while in Vignoles Hanseniaspora and Saccharomyces dominated. 
Sulfite levels had an impact on fungal communities dependent on the grape variety. These results 
highlight the importance of the indigenous grape microbiota knowledge. The indigenous grape 
and juice microbiota reacted differently to the sulfite levels and yeast inoculations depending of 
the grape variety and the initial microorganisms with potential to impact wine quality 
characteristics. Understanding the initial fungi and behavior during fermentation can help 
winemakers interested in production of wines that limit and encourage spontaneous 
fermentations. 
Keywords: Torulaspora delbrueckii - Biodiva™, Saccharomyces cerevisiae - EC-1118, High-
throughput sequencing, grape, Sulphur dioxide, spontaneous fermentation 
Introduction 
 During alcoholic fermentation, yeast convert sugars of grapes mainly into ethanol and 
carbon dioxide. The historical origins of wine production precede written records but during 
these early years wine was made by spontaneous or wild fermentation. These fermentations were 
initiated by native/indigenous yeast present in the vineyard (soil, leaves, and grapes) and 
equipment during harvesting and fermentation. These indigenous yeasts produced wine, but the 
wine was more like vinegar than the commercial wines currently being produced (Jolly, Varela, 
& Pretorius, 2014). Because native yeasts have a high sensitivity to alcohol and a reduced 
fermentation rate, fermentation by indigenous yeasts can result in incomplete fermentation with 
high levels of acetic acid, ethyl acetate, ethanol, and acetoin.  
 For commercial wine production, winemakers typically use commercial yeasts, mainly 
Saccharomyces cerevisiae strains, to ensure complete fermentation. These S. cerevisiae strains 




characteristics (Hirst & Richter, 2016; Jolly et al., 2014; Pretorius, 2000; Querol, Barrio, Huerta, 
& Ramon, 1992). Yeasts produce chemical compounds, such as volatile and non-volatile 
compounds that impact wine flavor (Lambrechts & Pretorius, 2000). S. cerevisiae out-compete 
non-Saccharomyces species due to higher fermentative efficiency, alcohol tolerance, and 
resistance to low pH, scarce oxygen availability, or depletion of certain nutrients.  
 Some countries produce wine without yeast inoculation where the grape must (juice, 
seeds, skins, and pulp) is macerated in large clay vessels coated inside with beeswax and placed 
underground (Vigentini et al., 2016). However, in most countries winemakers use multiple 
strategies to inhibit unwanted microorganisms. During grape crushing, low levels of sulfur 
dioxide (SO2) are added to reduce initial microbial presence and growth. During wine 
production, clarification and sterilization steps (i.e., racking, fining, filtering, and addition of 
chemical preservatives) are used to eliminate unwanted microorganisms and residual yeast 
(Renouf & Lonvaud-Funel, 2004; Umiker, Descenzo, Lee, & Edwards, 2013).  
 The use of non-Saccharomyces yeasts isolated from vineyards (grapes, leaves, and soil) 
for wine production is becoming popular (Ruiz et al., 2019). These yeasts can provide 
characteristics of grape-growing regions, increase varietal aroma, enhance flavor and mouthfeel, 
reduce high alcohol levels, control wine acidity, and improve color of wines (Jolly et al., 2014; 
Quirós, Rojas, Gonzalez, & Morales, 2014; Renouf, Miot-Sertier, Strehaiano, & Lonvaud-Funel, 
2006). However, these yeasts are weakly fermentative yeasts that need to be co-inoculated with 
Saccharomyces strains.  
 There are only a few non-Saccharomyces yeasts commercially available for wine 
production. Some of these non-Saccharomyces yeasts include T. delbrueckii (Biodiva™), 




Ontario, Canada) and Pichia kluyveri (FrootZen™), L. thermotolerans (Concerto™), and T. 
delbrueckii (Prelude™) (Gusmer Entreprises Inc., Mountainside, NJ, United States). It is 
important to understand the dynamics of these indigenous yeasts during spontaneous 
fermentations and during inoculated fermentations. 
 Previous studies on the dynamics of grapes in the vineyard and juice/wine microbiota 
during fermentation have been done. The indigenous grape mycobiota detected during the early 
stages of fermentation involve the yeast genera Hanseniaspora (anamorph Kloeckera), 
Metschnikowia, Candida, Pichia, Issatchenkia, and mold genera Botrytis, Cladosporium, and 
Aspergillus (De Filippis, La Storia, & Blaiotta, 2017; Fleet, 2003; Jolly et al., 2014; Pinto et al., 
2015). Most of the indigenous grape mycobiota have a low fermentation activity and do not 
survive at the higher alcohol levels. However, Hanseniaspora spp. and Candida spp. can grow 
well and co-dominate the must/wine fermentation with S. cerevisiae if the fermentation 
temperature is less than 15-20°C (Di Maro, Ercolini, & Coppola, 2007; Fleet, 2003) S. cerevisiae 
was either undetected in the early stages of fermentation or at a lower relative abundance 
(percent composition of S. cerevisiae relative to the total number of yeast communities identified 
in a sample) but outcompete other yeasts and eventually dominate the fermentation (De Filippis 
et al., 2017; Fleet, 2003; Pinto et al., 2015). 
 At harvest, the indigenous grape microbiota varies depending on conditions such as the 
weather/climate, relative humidity, grape variety, vineyard management practices, soil 
composition, and grapevine health and age (Bokulich, Thorngate, Richardson, & Mills, 2014; 
Cordero-Bueso et al., 2011; Drumonde-Neves, Franco-Duarte, Lima, Schuller, & Pais, 2016; 
Martins, Miot-Sertier, Lonvaud-Funel, & Masneuf-Pomarède, 2016; Mezzasalma et al., 2018; 




Consequently, the initial grape juice microbiota will vary, which is why some studies found new 
bacterial or fungal species throughout the fermentation process compared to other studies 
(Marzano et al., 2016). The indigenous grape microbiota is distinct, thus, the microbiota can vary 
from the juice, during fermentation, and from year to year.  
 Accumulating data regarding the dynamics of the grape/juice/wine microbiota during 
fermentations with different factors such as the yeast inoculation, sulfite levels, or grape varieties 
is important. The resulting knowledge will help winemakers to better understand and control 
fermentation processes during different years in order to produce quality wines or increase 
organoleptic properties specific to the grape-growing region. 
 High-throughput sequencing (HTS) of the Internal Transcribed Spacer (ITS) 1 region was 
used to determine if the fungal diversity and succession was influenced by sulfite levels (0, 10, 
and 20 mg/L) and yeast inoculation (None, S. cerevisiae, and T. delbrueckii) during fermentation 
(0, 14, and 21 days) of two grape varieties Noble (Vitis rotundifolia) and Vignoles (Vitis hybrid) 
grown in Arkansas.  
Materials and Methods 
Juice production 
 Vignoles grapes and Noble grapes grown in Arkansas were hand harvested for this study 
in 2016. Vignoles grapes were harvested from a commercial vineyard and winery in Eureka 
Springs, AR, United States, crushed, and pressed. The juice was taken to the University of 
Arkansas System Division of Agriculture (UA System) Food Science Department, Fayetteville, 
AR, and frozen (-10°C). The Noble grapes were harvested from a commercial vineyard in Ozark, 
AR, and brought to the UA System Food Science Department for crushing and pressing, then the 




Compositional analysis of the two juices were performed. Grape juice was removed from the 
freezer and thawed at 2°C overnight for small-scale, microfermentations (Figure 1). About 18 L 
of juice was used for wine production during the fermentations. All labware equipment for 
fermentation was autoclaved prior to use.  
Sulfite additions and yeast inoculations of juice 
Sulfite additions 
  From the 18 L of juice, 2 L of juice was placed into six 3.7-L bottles (2 bottles for each 
SO2 level). Three additions of SO2 (0, 10, and 20 mg/L) as potassium metabisulfite K2S2O6 (57% 
SO2) (Presque Isle Wine Cellar, North East, PA, United States) were added to the bottles. These 
low levels of sulfite additions were chosen based on yeast SO2 tolerance. No addition of SO2 (0 
mg/L) was used as a control (no inhibition of microorganisms). The 10 mg/L of SO2 was used 
since the indigenous microbiota growth is inhibited but is below a level that impacts T. 
delbrueckii growth (< 15 mg/L). The 20 mg/L inhibits both the indigenous microbiota and T. 
delbrueckii but does not inhibit S. cerevisiae growth. After SO2 additions, the bottles were 
shaken thoroughly. From each 3.7-L bottle, 500 mL of juice with SO2 was placed into three 1.9-
L bottles (18 1.9-L bottles in total). 
Yeast strain and inoculations 
 Two commercial yeast species, T. delbrueckii (Biodiva™) (Lallemand Inc., Montreal, 
Quebec) and S. cerevisiae (var. bayanus) (Lalvin EC-1118) (Lallemand Inc., Montreal, Quebec) 
were used in this study. S. cerevisiae was selected since it is a Saccharomyces strain used 
frequently for wine production whereas T. delbrueckii was selected since it is naturally present 




 The yeasts were inoculated based on manufacturer recommendations. The yeasts were 
rehydrated with distilled water heated to 30°C (T. delbrueckii) and 40°C (S. cerevisiae), then 
settled for 15 and 20 min, respectively, and stirred for 5 sec. Following rehydration, yeasts were 
added to 1.9-L flasks containing each 500 mL of grape juice at room temperature (21°C). After 
inoculation, the juice was shaken thoroughly for 1 min to ensure even distribution. Total yeast 
inoculation level was estimated as 4.105 viable cells/mL for T. delbrueckii and 8.105 viable 
cells/mL for S. cerevisiae. From each 1.9-L bottle, 200 mL of juice was placed into 250-mL 
Erlenmeyer flasks (36 flasks in total).  
Fermentation and sampling 
 Each flask was sealed with sterile corks with fermentation airlocks filled with water to 
prevent air from entering the flask, but allow carbon dioxide to be released. The flasks were 
stirred manually twice per day for 1 min during the week, and once per day for 1 min during 
weekends during the fermentation. The juice was fermented for 23 days at 24°C. Two mL from 
each Erlenmeyer flask containing the different fermented juice/wine samples were collected at 
day 0, 14, and 21 and transferred into sterile 2 mL-tubes. Samples were centrifuged at 13,300 
rpm for 3 min at 4°C. The pellets were used for microbial analysis and the juice/wine 
supernatants were used for compositional analysis (soluble solids, pH, titratable acidity, total 
sugars, ethanol, and organic acids). The samples were frozen at -10°C until analysis. 
Compositional analysis 
 Compositional analysis of the initial juice and wine were performed. The soluble solids, 
pH and titratability acidity of the juice was done prior to fermentation. The total sugars, total 






  Soluble solids (sugar content) of the juice were determined using an Abbe Mark II 
refractometer (Bausch and Lomb, Scientific Instrument, Keene, NH, United States) and 
expressed as percent.  
pH and titratable acidity 
The Titrino plus 862 compact titrosampler (Metrohm AG, Herisan, Switzerland) with the 
electrode standardized to pH 4.00, 7.00, and 10.00 buffers were used to measure pH and 
titratable acidity of the juice. Titratable acidity was determined using ~6 g of juice diluted with 
50 mL deionized, degassed water with a titration using standardized 0.1 N sodium hydroxide to 
an endpoint of pH 8.2. The results of titratable acidity were expressed as percentage of tartaric 
acid. 
Total sugars, total organic acids, ethanol, and glycerol 
 The sugars, organic acids, ethanol and glycerol in wines were identified and quantified by 
High Performance Liquid Chromatography (HPLC). Samples were passed through a 0.45-μm 
polytetrafluoroethylene (PTFE) syringe filter (Varian, Inc., Palo Alto, CA, United States) before 
injection onto an HPLC system consisting of a Waters 515 HPLC pump, a Waters 717 plus 
autosampler, and a Waters 410 differential refractometer detector connected in series with a 
Waters 996 photodiode array (PDA) detector (Waters Corporation, Milford, MA, United States). 
Analytes were separated with a Bio-Rad HPLC Organic Acids Analysis Aminex HPX-87H ion 
exclusion column (300 x 7.8 mm) connected in series with a Bio-Rad HPLC column for 
fermentation monitoring (150 x 7.8 mm; Bio-Rad Laboratories, Hercules, CA, United States). A 
Bio-Rad Micro-Guard Cation-H refill cartridge (30 x 4.5 mm) was used as a guard column. 




isocratic mobile phase consisted of pH 2.28 aqueous sulfuric acid at a flow rate of 0.45 mL/min. 
Injection volumes of both 10 μL (for analysis of organic acids and sugars) and 5 μL (for ethanol 
and glycerol) were used to avoid overloading the detector. The total run time per sample was 60 
minutes.  
 Citric, tartaric, malic, lactic, acetic, and succinic acids were detected at 210 nm by the 
PDA detector and glucose, fructose, ethanol, and glycerol were detected at 410 nm by the 
differential refractometer detector. Analytes in samples were identified and quantified using 
external calibration curves based on peak area estimation with baseline integration. Results were 
expressed as grams analyte per 100 mL wine for organic acids, sugars, glycerol, and ethanol. 
Total sugars were calculated as the sum of glucose and fructose. Total organic acids were 
calculated as the sum of citric, tartaric, malic, lactic, acetic and succinic acids.    
Statistical analysis for composition attributes 
 A univariate mixed-model with a first-order autoregressive covariance structure was used 
to conduct a repeated measures by time analysis, with individual experimental units (juice/wine) 
as the subjects in a repeated structure for fermentation time. For the fixed effects (sulfites levels, 
yeast inoculation, and fermentation day), an analysis of variance (ANOVA) was used to 
determine the significance of the main factors and their interactions. All factors were treated as 
categorial. Tukey’s Honest Significant Difference (HSD) test was used to detect differences 
among means (p-value < 0.05) for the fixed effects. Figures were created in JMP Pro 15.1 for 
Windows, and error bars represented one standard error from the mean. The data analysis for 






Fungal DNA extraction 
 Two mL of juice/wine samples were centrifuged at 13,300 rpm for 3 min at 4°C. The 
supernatant was transferred in a 2-mL tube and stored at -20°C for chemical analysis. Tubes 
containing the cell pellets were kept under a fume hood with the cap off for 30 min to evaporate 
any residual alcohol. The cell pellet was washed three times with sterile water and centrifuged. 
Inhibitex buffer (1 mL) was added to the pellet and vortexed. The solution was heated at 70°C 
for 5 min, vortexed for 15 sec, and transferred into a screw-cap tube containing 0.1 g of 0.1-mm 
diameter and 0.1 g of 0.5-mm diameter zirconia-silica beads (BioSpec Products, Bartlesville, 
OK, United States). The cell/bead mixture was homogenized in a FastPrep®-24 bead beater (MP 
Biomedicals, Santa Ana, CA, United States) for 1 min at maximum speed. From this point, the 
DNA extraction was carried out with the QIAamp® Fast DNA Stool Mini Kit (Qiagen, Hilden, 
Germany) starting at the step 4 of the manufacturer’s instructions. 
 DNA concentration was determined spectrophotometrically using the NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). Extracted 
DNA was visualized following electrophoresis on a 2% agarose gel in 1X TAE buffer 
(AMRESCO®, Cleveland, OH, United States). DNA extracts were stored at -20°C until further 
analysis. 
Universal polymerase chain reaction  
 A polymerase chain reaction (PCR) targeting the fungal ITS 1 loci of 5.8S rRNA gene 
regions was performed to confirm the presence or absence of fungi. PCR reactions contained 3 
µL DNA template, 12.5 µL of GoTaq Green Master Mix 2X (Promega, Madison, WI, United 
States), 1 µL of each primer [10 pmol] ITS1 (F) (5′-CTT GGT CAT TTA GAG GAA GTA A-3′) 




Bruns, Lee, & Taylor, 1990), and 7.5 µL of sterile nuclease free water for a final volume of 25 
µL. PCR reactions conditions consisted of an initial 94°C for 3 min, followed by 35 cycles of 
denaturation at 98°C for 30 sec, annealing at 55°C for 30 sec, and elongation at 72°C for 1 min 
using the Eppendorf Mastercycler pro S (Eppendorf, Hamburg, Germany). The quality was 
checked from 12% of samples randomly selected on a 2% agarose gel electrophoresis. 
Index polymerase chain reaction 
 An Index PCR targeting the fungal ITS 1 loci of 5.8S rRNA gene regions was performed 
with ITS1 and ITS2 primers using the dual-index strategy for primer design described by Kozich 
et al. (2013). Briefly, each primer consisted of the appropriate Illumina adapter (AAT GAT ACG 
GCG ACC ACC GAG ATC TAC AC for ITS1 and CAA GCA GAA GAC GGC ATA CGA 
GAT for ITS2), an 8 nt index sequence (each index being different from each other), a 10 nt pad 
sequence (TGT GGT GGC C for ITS1 and ACT GCG TCA T for ITS2), a 2 nt linker (GT for 
ITS1 and AT for ITS2) and the gene specific primer (CTT GGT CAT TTA GAG GAA GTA A 
and GCT GCG TTC TTC ATC GAT GC for ITS1 and for ITS2, respectively). PCR reactions 
(25 µL) contained 2.5 µL of Buffer II, 0.1 µL of AccuPrime™ Taq DNA Polymerase High 
Fidelity (Invitrogen, Carlsbad, CA, United States), 3 µL of DNA, 1 μL of each dual index primer 
combination. RNAse free water and Escherichia coli were used as negative controls, and S. 
cerevisiae was used as positive control. Reactions conditions consisted of an initial denaturation 
at 94°C for 2 min, followed by 35 cycles of (denaturation at 94°C for 30 sec, primer annealing at 
55°C for 30 sec, and extension at 68 °C for 1 min) then a final extension at 72°C for 10 min 
using the Eppendorf Mastercycler pro S (Eppendorf, Hamburg, Germany). Random reactions (12 
to 100%), containing positive and negative controls were chosen from the PCR plate and loaded 




Amplicon libraries preparation 
 The SequalPrepTM Normalization Plate Kit (Invitrogen, Carlsbad, CA, United States) was 
used to purify (elute short primers, unincorporated dNTPs, enzymes, short failed PCR products, 
and salts from PCR reactions) and to normalize the PCR product reactions from the index PCR. 
The protocol was followed per the manufacturer’s instructions with minor modifications. PCR 
product (21 µL) from the PCR plate was transferred instead of 18 µL and the same volume of 
binding buffer was added. The incubation step lasted 90 min instead of 60 min. During the 
elution step, instead of incubating for 5 min, the plate was left to incubate overnight at 4°C. The 
purified DNA (10 µL of each well instead of 5 µL) was pooled the following morning.  
Library quality control 
 The pool concentration was analyzed with Qubit ds DNA High Sensitivity Assay Kit 
(Invitrogen, Carlsbad, CA, United States). The size of the amplicon fragments was determined 
with an Agilent 2100 Tapestation Bioanalyzer (Agilent Technologies, Santa Clara, CA, United 
States).  
Sequencing 
 The amplicon pools were then denatured and diluted with 0.1 N fresh NaOH and HT1 
buffer according to the MiSeq System Guide. Denatured DNA was combined with 20% PhiX 
control Nano kit v2 and loaded on a v2 Illumina MiSeq reagent cartridge along with Index, Read 
1, and Read 2 sequencing primers (Kozich, Westcott, Baxter, Highlander, & Schloss, 2013). The 
sequencing was performed using an Illumina Miseq (Illumina Inc., San Diego, CA, United 






Microbial data analysis 
 Raw data generated by the Illumina Miseq instrument (Illumina Inc., San Diego, CA, 
United States) were demultiplexed, quality filtered, and analyzed using PIPITS pipeline (Gweon 
et al., 2015). Shannon diversity index was calculated on PAST 3.18 (Hammer, Harper, & Ryan, 
2001) to characterize species diversity in each sample. Mann-Whitney pairwise with Bonferroni-
corrected p-values was performed on species richness to test the effect of the day, sulfite levels, 
and yeast inoculations on the juice/wine mycobiota.  
 Non-metric multidimensional scaling (NMDS) plots and one-way Analysis of 
Similarities (ANOSIM), both based on Bray-Curtis similarity index, were also obtained in PAST 
3.18 to identify similarities/dissimilarities between the structures of mycobiota. The mean of the 
relative abundance of fungi present in juice/wine for the four replicates was calculated. Fungal 
relative abundances were illustrated on stack columns at the phylum and genus levels 
representing the fungal community profiles. These relative abundance profiles helped to 
visualize the differences among the fungal communities. For the genus level, only fungi present 
at a relative abundance greater than 1% were represented on the stack columns. A cut-off of 1% 
was chosen based on previous studies on environmental samples. Since samples are of different 
number of sequence reads, data were considered by relative abundances rather than absolute 
numbers for the NMDS plots and the stacked columns figures.  
 Differences between fermentation time, sulfite levels, and yeast inoculations were 
considered significant when the p-value < 0.05; however, statistical difference should be 





Results and Discussion 
Compositional analysis  
The initial juice composition of Noble juice was 18.2% soluble solids, 0.30% tartaric acid and 
3.16 pH, while for Vignoles juice was 24.2% soluble solids, 1.03% tartaric acid and 3.02 pH. 
The glycerol levels of all the samples were very low (< 0.7 g/100 mL). Total sugar levels 
decreased and ethanol levels increased during fermentation. Increasing the sulfite additions did 
not impact the fermentation performance of S. cerevisiae but did impact the fermentation 
performance of the uninoculated juice and the juice inoculated with T. delbrueckii. The three-
way interaction was significant for both juices. 
Noble juice/wine  
Total sugars. Total sugars of the juice prior to fermentation (day 0) was 19.1-19.8 g/100 mL for 
the three types of yeast inoculations and three sulfite levels. The different sulfite levels impacted 
the total sugars in the uninoculated juice/wine at days 14 and 21. The uninoculated (None) juice 
at day 14 had total sugar levels of 6.7-10.3 g/100 mL. At days 14 and 21, the juice with 0 and 10 
mg/L SO2 had lower total sugars then juice with 20 mg/L. At both day 14 and 21, the total sugars 
for the juice inoculated with S. cerevisiae was < 0.2 g/100mL, so this yeast fermented most of 
the sugars present in the juice. For juice inoculated with T. delbrueckii at day 14, the total sugars 
dropped to 6.4-6.7 g/100 mL. At day 21, total sugars in juice inoculated with T. delbrueckii 
dropped slightly from day 14 and reached 4-4.2 g/100 mL. After 21 days of fermentation, juices 
inoculated with T. delbrueckii and uninoculated juices (containing only indigenous grape 
microbiota) still contained a total sugar concentration higher than 4-6.9 g/100 mL. The presence 
of residual sugars in uninoculated juice and juice inoculated with T. delbrueckii indicated the 




Ethanol. At day 0, all juice samples had no ethanol (0 g/100 mL). The different sulfite levels 
impacted the ethanol in the uninoculated juice/wine at days 14 and 21. At day 14 and 21, the 
juice with 0 and 10 mg/L SO2 had higher ethanol levels then juice with 20 mg/L. The 
uninoculated juice with 20 mg/L SO2 at 14 d had 5.8 g/100 mL compared to 8 g/100 mL for 0 
mg/L SO2 and 8.2 g/100 mL for 10 mg/L SO2. For S. cerevisiae, the ethanol increased drastically 
from day 0 to day 14 (13.1-13.3 g/100 mL) with similar levels at day 21. Ethanol concentration 
increased in juice inoculated with T. delbrueckii and reached 10.2-11.2 g/100 mL. At day 14, S. 
cerevisiae (12.4-12.8 g/100 mL) had more ethanol compared to T. delbrueckii (7.8-8.3 g/100 
mL) and None (5.8-8.2 g/100 mL). The increase in ethanol and the decrease in total sugars 
during fermentation show that S. cerevisiae had the best efficiency for conversion. 
Total organic acids. Total organic acid levels increased during fermentation. At day 0, total 
organic acids concentration (0.7-0.8 g/100mL) were the same for the three yeast sulfite levels 
and yeast inoculations. From day 0 to day 14, the total organic acids concentration increased for 
the three yeast inoculated juices. A higher increase was noticed for uninoculated juices (1.1-1.3 
g/100 mL), followed by juices inoculated by T. delbrueckii (1.1-1.2 g/100 mL) then S. cerevisiae 
(1 g/100 mL). In uninoculated juices the lower the sulfite concentrations added, the greater the 
total organic acids added. 
 In the uninoculated juice at day 21, there was no difference between total organic acid 
levels of the three sulfite additions (SO2 0 mg/L: 1.3 g/100 mL, SO2 10 mg/L: 1.4 g/100 mL, and 
SO2 20 mg/L: 1.3 g/100 mL). A similar pattern was found in the juice inoculated with S. 
cerevisiae. However, for juice inoculated with T. delbrueckii, the total organics acids levels were 





Vignoles juice/wine  
Total sugars. At day 0, the initial total sugars levels varied between 25.0 to 27.8 g/100 mL for the 
three types of yeast inoculations and three sulfite levels. At day 14, there was a decrease in total 
sugars for the three type of yeast inoculated juice, with a greater decrease in juice inoculated 
with S. cerevisiae (0.2-1 g/100 mL), followed by T. delbrueckii (5-11.5 g/100 mL) and None 
(5.8-12.8 g/100 mL). There were no differences at day 14 between the three sulfite levels in juice 
inoculated with S. cerevisiae. However, for uninoculated juices and juices inoculated with T. 
delbrueckii there were differences between the three sulfite concentrations, with a smaller total 
sugar levels at higher sulfite levels for the uninoculated juice (SO2 0 mg/L: 12.8 g/100 mL, SO2 
10 mg/L: 9.8 g/100 mL, and SO2 20 mg/L: 5.8 g/100 mL) and juice inoculated with T. 
delbrueckii (SO2 0 mg/L: 11.5 g/100 mL, SO2 10 mg/L: 8.7 g/100 mL, and SO2 20 mg/L: 5 g/100 
mL).  
At day 21, the sugars were almost completely fermented (0.2-0.7 g/100 mL) for juice 
inoculated with S. cerevisiae. Total sugars continue to decrease for juice inoculated with T. 
delbrueckii and uninoculated with smaller total sugar levels as sulfite levels increased for the 
None (SO2 0 mg/L: 8.1 g/100 mL, SO2 10 mg/L: 6.9 g/100 mL, and SO2 20 mg/L: 5 g/100 mL) 
and juice inoculated with T. delbrueckii (SO2 0 mg/L: 8.1 g/100 mL, SO2 10 mg/L: 5.8 g/100 mL, 
and SO2 20 mg/L: 4.2 g/100 mL). 
Ethanol. At day 0, all juice samples did not contain any ethanol (0 g/100 mL). At day 14, there 
was an increase in ethanol for three yeast inoculations, with S. cerevisiae (15.3-16.2 g/100 mL) 
having a better fermentation performance as compared to T. delbrueckii (9.7-12.8 g/100 mL) and 
None (7.9-12 g/100 mL). There was not a difference between the three sulfite levels for S. 




in ethanol levels for the three levels of sulfites. The uninoculated juice had SO2 0 mg/L: 7.9 
g/100 mL, SO2 10 mg/L: 9.5 g/100 mL, and SO2 20 mg/L: 13.7 g/100 mL, and the juice 
inoculated with T. delbrueckii had SO2 0 mg/L: 9.8 g/100 mL, SO2 10 mg/L: 9.7 g/100 mL, and 
SO2 20 mg/L: 12.8 g/100 mL). 
At day 21, there were differences between the three levels of sulfites for juices inoculated 
with T. delbrueckii (SO2 0 mg/L: 11.5 g/100 mL, SO2 10 mg/L: 12 g/100 mL, SO2 20 mg/L: 14.2 
g/100 mL). Significant differences were observed between the three sulfite levels for S. 
cerevisiae inoculated juice (SO2 0 mg/L: 16.3 g/100 mL, SO2 10 mg/L: 15 g/100 mL, SO2 20 
mg/L: 16.3 g/100 mL), and for uninoculated juice (SO2 0 mg/L: 11.5 g/100 mL, SO2 10 mg/L: 
11.2 g/100 mL, SO2 20 mg/L: 13.7 g/100 mL). 
Total acids. The total organic acids levels at day 0 varied (1.4-1.8 g/100 mL). The Vignoles 
fermentation did not follow the same pattern as the Noble fermentation, as there was not an 
increase of total organic acids during fermentation. There were more differences in total organic 
acids in the Vignoles fermentation in term of the impact of sulfites.  
Differences between the two juices 
            The Vignoles juice had a higher initial total sugars level which resulted in greater ethanol 
levels. The fermentation for both juices was similar with a decrease in total sugars and increase of 
ethanol. However, the impact of the sulfite levels differed between the two grape varieties. Sulfite 
levels impacted the fermentation of Vignoles more than Noble.  
Sequence analysis  
 The mycobiota of Noble and Vignoles juices/wines were analyzed with HTS approach 
targeting the ITS 1 region. The clustering of the sequences generated a total of 529 and 418 




samples of Vignoles juice/wine were removed from the analysis due to the low number of 
sequence reads (< 400 sequences). Additionally, four samples of Noble juice/wine were removed 
from the analysis due to their strong dissimilarities in fungal profile compared to the other 
replicates. 
 The fungal taxonomic composition of Noble juice/wine samples included a total of seven 
phyla (Ascomycota average relative abundance 92.2%, Basidiomycota 2.3%, and 
Chytridiomycota, Glomeromycota, Mortierellomycota, Olpidiomycita, and Rozellomycota 
representing together 0.1% of the fungal communities) and 129 genera (data not shown here).
 The fungal taxonomic composition of Vignoles juice/wine samples included a total of six 
phyla (Ascomycota average relative abundance 85.8%, Basidiomycota 4.6%, and 
Chytridiomycota, Glomeromycota, Mortierellomycota, and Olpidiomycita, representing 0.38% 
of the fungal communities) and 115 genera (data not shown here). Unknown sequences 
(Fungi_unclassified) represented on average 5.4% and 9.1% of the Noble and Vignoles 
juice/wine mycobiota, respectively, meaning that these sequences were not assigned to any fungi 
during the taxonomic assignment procedure (RDP Classifier against the UNITE fungal ITS 
reference data set).  
Comparison of the indigenous fungal communities of the two grape varieties 
 Noble and Vignoles grapes were chosen in this study for their ability to grow well in 
Arkansas and to compare two distinct grape varieties. These two grape varieties differ by their 
color (Noble is a red variety, while Vignoles is a white variety). They also differ by their berry 
size and cluster size. Muscadine grapes, like Noble produce large berries with only 3-10 berries 




mold infection compared to muscadines. Due to these differences, the two grape varieties may 
harbor different indigenous microbiota. 
 In this study, the indigenous fungal communities of Noble and Vignoles grapes were 
identified from the juice of grapes before the onset of fermentation, without sulfites addition and 
yeast inoculation. The fungal genera with a relative abundance higher than 1% of Noble and 
Vignoles are presented in Figure 4. Grapes from both varieties were initially dominated by 
unclassified taxa: Nectriaceae_unclassified (40.7 and 45.2% for Noble and Vignoles, 
respectively) and Fungi_unclassified (15.9 and 17.6% for Noble and Vignoles, respectively). 
Identifiable genera were represented in smaller relative abundance but were significantly distinct 
between the two varieties. Podosphaera was present in both grape varieties but in a greater 
abundance in Vignoles grapes (5.5 and 9.5% in Noble and Vignoles, respectively). Candida was 
also present in both grape varieties at a larger abundance in Noble grapes (6.3 and 3.4% in Noble 
and Vignoles, respectively). Noble grapes harbored abundant numbers of Uwebraunia (5.2%) 
and Zygoascus (1.8%). These two genera were present at a low relative abundance or not even 
present in Vignoles grapes (Uwebraunia 0.4% and Zygoascus not detected). On the other hand, 
Vignoles grapes harbored larger relative abundance of Filobasidium (2.4%) compared to Noble 
grapes (0.2%).  
 The other indigenous fungal genera (present at > 1% for at least one of the two grape 
varieties), included Phialemoniopsis, Meyerozyma, Penicillium, Cyberlindnera, Hanseniaspora, 
Zygoascus, and Aspergillus (Figure 4). Interestingly, Aspergillus and Penicillium were present at 
a larger relative abundance in Noble (1.1 and 1.7%, respectively) than in Vignoles grapes (0.5 
and 0.6%, respectively). The presence of these two molds could be expected to be higher in 




 These results confirmed that a core of microorganisms was shared between grapes, but 
had distinct relative abundance depending on the grape variety with specific species present only 
in certain variety of grape (e.g., Zygoascus in Noble). This was observed in previous studies that 
demonstrated the impact of grape variety on the indigenous grape microbiota (Agarbati, 
Canonico, Ciani, & Comitini, 2019; Bokulich et al., 2014). A high percentage of 
Necteriaceae_unclassified was found in both grape varieties (> 40%) demonstrating that a large 
proportion of fungi present on grapes are unclassified and more studies need to be conducted for 
further identification. 
Fungal diversity and successions along the fermentation processes 
 Similar temporal patterns in fungal diversity were observed for both varieties, with high 
initial diversity followed by a significant drop at day 14 and the diversity at day 21 returned to 
levels comparable to day 0 (Figure 5). It was intriguing that this pattern was significantly more 
marked for Noble. As expected, uninoculated juice (None) maintained higher fungal diversity 
compared with juices inoculated with T. delbrueckii and S. cerevisiae.  
 Diversity patterns were different between varieties. For muscadine, diversity only 
increased slightly between day 14 and 21, whereas diversity returned to levels comparable to the 
initial fermentation for Vignoles. This indicates that the indigenous fungi of Vignoles are more 
resilient to fermentation processes, even in the presence of yeast inoculations. This observation 
may drive the variety specific organoleptic properties through secondary metabolic processes, 
but it may also represent a potential issue for reproducible and desirable fermentation outcomes. 
Since the indigenous grape microbiota and the diversity of Noble and Vignoles juice/wine were 





Noble fungal communities’ dynamics during fermentation  
 NMDS plots of the fungal communities (Figure 6) and the fungal community distribution 
at the phylum (Figure 7) and genus level (Figure 8) were represented for Noble juice/wine 
fermentation. 
Beginning fermentation of Noble 
 At day 0 of the fermentation process (Figure 6A) Noble juice fungal communities 
clustered by type of yeast inoculated (T. delbrueckii, S. cerevisiae, and None). Also, the fungal 
communities of juice inoculated with S. cerevisiae and not inoculated (None, representing the 
indigenous yeast) were clustered together and apart from fungal communities of juice inoculated 
with T. delbrueckii.  
 The fungal profile at the phylum level did not present drastic dissimilarities between the 
three types of inoculations (Figure 7A). Overall, the fungal communities of the three inoculation 
types were dominated by the Ascomycota phylum (81.3% with None, 81% with S. cerevisiae, 
and 89.2% with T. delbrueckii), followed by the Basidiomycota phylum (5.4% with None, 5.7% 
with S. cerevisiae, and 2.9% with T. delbrueckii). Unclassified Fungi represented in average 
13.2, 13.2, and 7.9% of the fungal communities of juices inoculated with None, S. cerevisiae, 
and T. delbrueckii, respectively. A greater relative abundance of Ascomycota was detected in T. 
delbrueckii inoculations, and smaller relative abundance of Fungi_unclassified and 
Basidiomycota as compared to S. cerevisiae inoculations and uninoculated juices.  
 No major dissimilarities between the three types of sulfite additions (0, 10, and 290 
mg/L) for the three yeast inoculations of Noble juices. However, with the increase in sulfite 
levels, a small increase of Ascomycota and a small decrease of Fungi_unclassified and 




 The fungal profile at the genus level (Figure 6A) presented dissimilarities between the 
uninoculated and S. cerevisiae inoculated juices together, compared to T. delbrueckii inoculated 
juice. A day 0, the dominant fungi identified in uninoculated and S. cerevisiae inoculated juices 
were similar. For instance, the predominant fungi were Nectriaceae_unclassified (42.5 and 
44.3%, respectively), followed by Uwebraunia (5.7 and 5.4%, respectively), Candida (5.4 and 
5.1%, respectively), and Podosphaera (4.9 and 5.1%, respectively). While juices inoculated with 
T. delbrueckii were already dominated at day 0 by T. delbrueckii, representing 37.6% of the 
fungal communities, followed also by Nectriaceae_unclassified (31.7%), Candida (3%), 
Uwebraunia (2.9%), and Podosphaera (2.5%). Moreover, the fungal profiles varied slightly 
between the different sulfite levels, mainly with slight differences in relative abundance of the 
main fungi and variation of fungi of smaller relative abundance. 
Middle fermentation of Noble 
 At day 14 of the fermentation process (Figure 6B) the fungal communities clustered by 
type of inoculation (T. delbrueckii, S. cerevisiae, and None). The fungal communities of juice 
inoculated with S. cerevisiae and uninoculated clustered apart this time from each other. The 
fungal communities of the three types of yeast inoculations clustered apart. The different sulfite 
levels for each type of yeast inoculations also clustered together/overlapping.  
 The fungal profile at the phylum level did not present dissimilarities between the three 
types of inoculations (Figure 7B). Compared to the beginning of the fermentation the relative 
abundance of Ascomycota increased and represented in average 96.7, 98.5, and 99.5% of the 
fungal communities of juice/wine inoculated with None, S. cerevisiae, and T. delbrueckii, 
respectively. No significant dissimilarities were observed between the three types of sulfite 




 However, the fungal profile at the genus level (Figure 8B) presented strong dissimilarities 
between the three types of inoculated juice/wine. Noble juice/wine inoculated with T. delbrueckii 
contained more than 97.8% of Torulaspora spp. No significant differences were observed 
between the three sulfites levels. Juices inoculated with S. cerevisiae contained more than 92% 
of the genus Saccharomyces. The sulfite addition modified slightly the composition of fungal 
communities. An increase of Nectriaceae_unclassified (0.95, 3.6, and 6.5% for 0, 10, and 20 
mg/L of sulfites, respectively) and a decrease of Saccharomyces (97.1, 90.1, and 88.9%, 
respectively) was observed with the increase of sulfite levels. 
 However, Noble juice uninoculated (representing spontaneous fermentation) was 
dominated by Hanseniaspora (average relative abundance 65.1%) followed by Zygoascus 
(11.8%) and Saccharomyces (6.1%), Sulfite levels played an important part in this fermentation 
since the greater the sulfite level was, the greater the relative abundance of Zygoascus (from 0.21 
to 32.5% for 0 and 20 mg/L of sulfites, respectively) and Schizosaccharomyces were (from 0.1 to 
7.4%), and smaller the relative abundance of Hanseniaspora (from 77.8 to 32.5%) . During the 
first stages of spontaneous fermentation, Hanseniaspora spp. are known to be the dominant non-
Saccharomyces yeast species along with Issatchenkia spp. and Candida spp. and Hanseniaspora 
spp. can coexist with S. cerevisiae at later stages of fermentation (De Filippis et al., 2017; Di 
Maro et al., 2007; Eder, Conti, & Rosa, 2018; Fleet, 2003; Pinto et al., 2015). Hansenispora 
genus can represent up to 75% of the total grape microbiota and during fermentation can 
comprise up to 99% of the total yeast communities (Cioch-Skoneczny, Satora, Skotniczny, & 
Skoneczny, 2018). This yeast produces large concentrations of ethyl and amyl acetates, glycerol, 
and acetoin. Due to this large production of compounds that negatively alters wine flavors and 




End fermentation of Noble 
 At day 21 of the fermentation process (Figure 6C) the fungal communities continued to 
cluster by type of yeast inoculated (T. delbrueckii, S. cerevisiae, and None). The fungal 
communities of the three types of yeast clustered apart. The three sulfites levels were clustered 
together for each type of yeast and overlapped for T. delbrueckii inoculated wines. However, the 
fungal communities of S. cerevisiae and uninoculated wines that did not receive sulfite treatment 
(0 mg/L) clustered apart from the wines with 10 and 20 mg/L of added sulfites. 
 The fungal profile at the phylum level presented few dissimilarities between the three 
types of yeast inoculated (Figure 7C). An increase in relative abundance of Basidiomycota and 
Fungi_unclassified and a decrease of Ascomycota appeared in the three types of inoculations (S. 
cerevisiae, T. delbrueckii, and None) especially in uninoculated wines and wines inoculated with 
S. cerevisiae. The sulfite additions had an impact on the fungal communities for the uninoculated 
and inoculated with S. cerevisiae wines. The lower the sulfite level the greater the relative 
abundance of Basidiomycota and Fungi_unclassified. Also, when sulfites were not added to the 
juice for the three types of yeast, other fungal phyla appeared. These results show that sulfites 
were inhibiting other fungal growth in the wines. 
 The fungal profile at the genus level (Figure 8C) presented some variation compared to 
day 14. Overall, at day 21 a decrease of the predominant fungi of day 14 (None: decrease of 
Hanseniaspora 65.1 to 49.3%, S. cerevisiae: decrease of Saccharomyces 92 to 57.5%, T. 
delbrueckii: decrease of Torulaspora 97.8% to 90.3%) and an increase of the relative abundance 
of Nectriaceae_unclassified appeared in the three types of inoculated wines (from day 14 to day 




Wines inoculated with T. delbrueckii did not show significant dissimilarities in fungal profiles 
between the three types of sulfite levels.  
 Wines inoculated with T. delbrueckii did not show significant dissimilarities in fungal 
profiles between the three sulfite levels. However, wines inoculated with S. cerevisiae presented 
an increase in other fungi, such as Candida (0.5 to 1.9%) and Podosphaera (0.8 to 1.8%). 
Important dissimilarities in fungal profiles appeared between wines inoculated with S. cerevisiae 
at different sulfite levels. Wines with no sulfites added, presented smaller relative abundance of 
Saccharomyces (SO2 0 mg/L: 10%, SO2 10 mg/L: 83.6%, and SO2 20 mg/L: 78.8%) and greater 
relative abundance of Necteriaceae_unclassified (SO2 0 MG/L54%, S10: 10%, and S20: 12.8%), 
Phialemoniopsis (SO2 0 mg/L: 1.26%, SO2 10 mg/L: 0.36% and SO2 20 mg/L: 0.31%) and 
Sarocladium (SO2 0 mg/L: 1.22%, SO2 10 mg/L: 0.15%, and SO2 20 mg/L: 0.11%) compared to 
S. cerevisiae inoculated wines with sulfites.  
 Uninoculated wines also presented dissimilarities in fungal profiles depending on the 
sulfite levels added to the juice. For instance, greater relative abundance of 
Nectriaceae_unclassified (SO2 0 mg/L 40.5%, SO2 10 mg/L: 12.2%, and SO2 20 mg/L: 12.5%) 
and lower relative abundance of Saccharomyces genus (SO2 0 mg/L: 0.11%, SO2 10 mg/L: 3.9%, 
and SO2 20 mg/L: 12.7%) were detected in uninoculated wines with no addition of sulfites.  
 Higher levels of sulfites promoted Saccharomyces growth in spontaneous (uninoculated 
wines) fermentation and in wines inoculated with S. cerevisiae. Wines inoculated with T. 
delbrueckii maintained a high relative abundance of Torulaspora throughout the fermentation 
process (day 0 to day 21), at greater relative abundance than Saccharomyces in wines inoculated 
with S. cerevisiae. T. delbrueckii seems to be a good candidate for producing wines with specific 




would be interesting to co-inoculate the Noble juice with S. cerevisiae and T. delbrueckii in order 
to observe the dynamics of these two yeasts and the indigenous grape microbiota when the two 
are present in the same juice.  
Vignoles fungal communities’ dynamics during fermentation  
 NMDS plots of the fungal communities (Figure 9) and the fungal community distribution 
at the phylum (Figure 10) and genus level (Figure 11) were presented in Vignoles juice/wine 
fermentation. 
Beginning fermentation of Vignoles 
 At day 0 of the fermentation (Figure 9A), the fungal communities of Vignoles juice 
clustered by type of inoculation (T. delbrueckii, S. cerevisiae, and None) and the clusters were 
closer to each other than for Noble juice. 
 The fungal profiles at the phylum level varied between the three types of inoculations and 
the three sulfites levels (Figure 10A). Overall, similar to Noble juices, the fungal communities of 
the three inoculation types of Vignoles juice were dominated by the Ascomycota phylum (76.6, 
76.1, and 82.8% for None, S. cerevisiae, and T. delbrueckii, respectively) followed by the 
Basidiomycota phylum (6.1, 7.3, and 6%, for None, S. cerevisiae, and T. delbrueckii, 
respectively). Unclassified fungi represented on average 16.2, 16, and 11% of the fungal 
communities of uninoculated and inoculated Vignoles wines with S. cerevisiae and T. 
delbrueckii. Greater relative abundance of Ascomycota was observed for the three types of 
inoculation when sulfites were added to the juices.  
  The fungal profile at the genus level (Figure 11A), presented dissimilarities between the 
three types of inoculated Vignoles juices and variation appeared between the sulfite levels for 




Vignoles juice, regardless of the sulfite levels, were Nectriaceae_unclassified (48.3%), 
Podosphaera (8%), Candida (4.7%), Meyerozyma (2%) and Penicillium (2%). The difference in 
sulfite levels slightly impacted the relative abundance of fungal communities and mainly those 
present at lower abundance in the uninoculated juices. 
 For juices inoculated with S. cerevisiae, a clear distinction between fungal profiles 
appeared at day 0 depending on the sulfite levels. Juices inoculated with S. cerevisiae without 
sulfites were dominated by Nectriaceae_unclassified (42.3%), followed by 
Sporidiobolaceae_unclassified (6.6%), Tremellales_unclassified (2.6%), Phialemoniopsis (2%), 
and Saccharomycetales_unclassified (1.7%). With the addition of sulfites (SO2 10 mg/L and SO2 
20 mg/L), the presence of Saccharomyces can be detected (SO2 0 mg/L: 0.13%, SO2 10 mg/L: 
48.2%, and SO2 20 mg/L: 29.3%). Intriguingly, the relative abundance of Saccharomnyces was 
greater when the sulfite level added was 10 mg/L and not 20 mg/L. The addition of sulfites 
promoted Saccharomyces growth. The relative abundance of other fungi also varied between the 
no sulfites and the two levels of sulfites added such as, a greater relative abundance of 
Podosphaera (SO2 0 mg/L: 1.3%, SO2 10 mg/L:3.5%, and SO2 20 mg/L: 5%) and Candida (SO2 
0 mg/L: 0.5%, SO2 10 mg/L: 2.5%, and SO2 20 mg/L: 3.8%), and a lower relative abundance in 
Phialemoniopsis (SO2 0 mg/L: 2%, SO2 10 mg/L: 1%, and SO2 20 mg/L: 1.2%), 
Nectriaceae_unclassified (SO2 0 mg/L: 42.3%, SO2 10 mg/L: 23.7%, and SO2 20 mg/L: 37.6%), 
and Sporidiobolaceae_unclassified (SO2 0 mg/L: 6.6%, SO2 10 mg/L: 0.6%, and SO2 20 mg/L: 
0.3%). 
 Juices inoculated with T. delbrueckii, regardless of the sulfite levels, were dominated by 
Torulaspora (40.3%), Nectriaceae_unclassified (28.1%), Podosphaera (3.1%), Candida (2.4%), 




communities of juices inoculated with T. delbruecki. For instance, a decrease of the genus 
Torulaspora (SO2 0 mg/L: 60%, SO2 10 mg/L: 42.7%, and SO2 20 mg/L: 18.7%) and an increase 
of Nectriaceae_unclassified (SO2 0 mg/L: 7.8%, SO2 10 mg/L: 30.8%, and SO2 20 mg/L: 
45.7%), and Candida (SO2 0 mg/L: 0.7%, SO2 10 mg/L: 3.4%, and SO2 20 mg/L: 3%) were 
observed. Overall, for Vignoles juices a clear pattern of fungal profile appeared distinct to each 
inoculation (None, S. cerevisiae, and T. delbrueckii) and to sulfite levels. 
Middle fermentation of Vignoles 
 At day 14 of the fermentation process (Figure 9B), the fungal communities for each type 
of inoculation (T. delbrueckii, S. cerevisiae, and None) clustered apart except clusters of 
Vignoles that received 20 mg/L of sulfites. Fungal profiles at the phylum level did not present 
drastic dissimilarities between the three types of inoculations (Figure 10B). Compared to the 
beginning of the fermentation the relative abundance of Ascomycota increased and represented 
in average 95.7, 96.7, and 98.7% of the fungal communities of uninoculated juice, juice 
inoculated with S. cerevisiae, and juice inoculated with T. delbrueckii, respectively. The relative 
abundance of Basidiomycota decreased at day 14 and was greater in uninoculated juices (SO2 0 
mg/L: 2%, SO2 10 mg/L: 0.9%, and SO2 0 mg/L: 0.4%). The relative abundance of 
Fungi_unclassified also decreased at day 14 for the three type of inoculations (SO2 0 mg/L: 
2.2%, SO2 10 mg/L: 2.3%, and SO2 20 mg/L: 0.9%). No significant dissimilarities were observed 
between the three types of sulfites levels for the three types of inoculated juice. However, the 
fungal profile at the genus level (Figure 11B) presented strong dissimilarities between the three 
types of inoculated juice. Overall, a decrease of Nectriaceae_unclassified and an increase of 




 Vignoles juice inoculated with S. cerevisiae were dominated by the genus Saccharomyces 
(85.8%) followed by Nectriaceae_unclassified (6.7%). The sulfite additions did not impact the 
fungal profiles. However, the sulfite additions modified the relative abundance of fungi in 
uninoculated juice and juice inoculated with T. delbrueckii. For instance, uninoculated juices 
with no sulfites and SO2 at 10 mg/L presented a different fungal profile compared to 
uninoculated juices with SO2 at 20 mg/L. A greater relative abundance of the genera 
Hanseniaspora was detected in no sulfites and SO2 at 10 mg/L in uninoculated juices (SO2 0 
mg/L: 56.8%, SO2 10 mg/L: 45.8%, and SO2 20 mg/L: 0.02%), Candida (SO2 0 mg/L: 1.6%, 
SO2 10 mg/L: 1.1%, and SO2 20 mg/L: 0.6%) while a larger relative abundance of the genus 
Saccharomyces was observed in uninoculated juice with 20 mg/L of sulfites (SO2 0 mg/L: 23%, 
SO2 10 mg/L: 35.5%, and SO2 20 mg/L: 93.2%).  
 Juices inoculated with T. delbrueckii were dominated by the genus Torulaspora when no 
sulfites were added and 10mg/L (SO2 0 mg/L: 96.3%, SO2 10 mg/L: 95.8%, and SO2 20 mg/L: 
16.1%) while when a higher level of sulfites (20 mg/L) was added then the genus Saccharomyces 
was dominant (SO2 0 mg/L: 0.8%, SO2 10 mg/L: 0.5%, and SO2 20 mg/L: 74.1%) followed by 
Torulaspora (16.1%). 
 At day 14 of the fermentation, each inoculation presented a dominant yeast. For 
uninoculated juice it was Hanseniaspora and Saccharomyces, for juice inoculated with S. 
cerevisiae it was Saccharomyces, and for juice inoculated with T. delbrueckii it was Torulaspora 
or when higher levels of sulfites added Saccharomyces. The increase in sulfite levels had a 






End fermentation of Vignoles 
 At day 21 of the fermentation process (Figure 9C) the fungal communities regrouped in 
the center and closer to each other. The fungal profile at the phylum level presented slight 
dissimilarities between the three types of inoculations (Figure 10C) and the different sulfite 
additions. An increase of Basidiomycota (None: 5.5%, S. cerevisiae: 9.5%, and T. delbrueckii: 
4%) and Fungi_unclassified (None: 9.6%, S. cerevisiae: 17.5%, and T. delbrueckii: 6.7%) 
appeared in the three types of yeast inoculations and the increase is especially greater in 
uninoculated wines and wines inoculated with S. cerevisiae.  
 The fungal profile at the genus level (Figure 11C) presented some variation compared to 
day 14. Overall, from day 14 to day 21 an increase of Nectriaceae_unclassified (None: 31.8%, S. 
cerevisiae: 40.2%, and T. delbrueckii: 34.5%) and a decrease of Saccharomyces (None: 14.7%, 
S. cerevisiae: 19.3, and T. delbrueckii: 1.6%) for the three types of inoculations and sulfite 
additions were observed. The relative abundance of fungi of smaller abundance appeared at day 
21, such as Aspergillus, Lachancea, and Zygoascus. 
 The emergence of new fungi at day 21 can be explained by the fact that yeasts present at 
high relative abundance throughout the fermentation died and autolyzed, releasing nutrients 
(amino acids and vitamins) allowing other yeast species (such as Necteriaceae_unclassified and 
Fungi_unclassified in this study) that were previously outcompeted for growth (Fleet, 2003).  
Impact of sulfite additions 
 The highest levels of sulfites significantly affected the fermentation dynamics. For 
uninoculated juice, Hanseniaspora was strongly inhibited. Intriguingly, Hanseniaspora was 




 For Vignoles, the higher level of sulfites promoted Saccharomyces and inhibited other 
fungi. Even in T. delbrueckii inoculated juice at higher sulfite levels, Saccharomyces was 
promoted over Torulaspora. This can be a beneficial property in terms of Saccharomyces driven 
wine production, but it is important to note that the initial inoculations may be lost when adding 
too much sulfite at the beginning of the fermentation. It appears that Nectriaceae_unclassified 
were stimulated at day 21 when high levels of sulfites were used for Vignoles juice, while for 
Noble juice their growth were inhibited. 
Impact of yeast inoculations 
 Uninoculated (None) Noble and Vignoles juice were dominated by Hanseniaspora and 
Saccharomyces genera. However, the relative abundance of these two genera varied by sulfite 
levels and inversely for the two grape varieties. While the relative abundance of Saccharomyces 
increased with higher sulfite levels in uninoculated Noble juice, it decreased for uninoculated 
Vignoles juice. Moreover, a third genera, Zygoascus, was identified at a large relative abundance 
only in uninoculated Noble juice with sulfite additions, while it was not identified in 
uninoculated Vignoles juice, possibly because the two grape varieties had different compositions 
(e.g., more total sugars in Vignoles juice). 
 In Noble juice inoculated with S. cerevisiae, Saccharomyces growth and dominance took 
a few days, but was detected at day 0 during fermentation in Vignoles juice. However, 
Saccharomyces genera retained a larger relative abundance in Noble juice than in Vignoles juice 
at day 21. Both juices inoculated with T. delbrueckii showed a dominant Torulaspora relative 
abundance from day 0 to day 21, with higher relative abundances in Noble juice at day 21 




at day 21. These results confirmed that grape variety impacted the indigenous juice/wine 
mycobiota and the performance of commercial yeast. 
Conclusion 
 The impact of the sulfite levels and yeast inoculation on wine mycobiota during 
fermentation (0, 14, and 21 days) of two grape varieties was evaluated using high-throughput 
sequencing approach of the internal transcribed spacer 1 region. It was demonstrated that while 
the most abundant fungi (relative abundance > 1%) present on grapes were the same, their 
relative abundances varied between the two grape varieties. The fungal diversity pattern 
throughout fermentation was similar for the two grape varieties, but the sulfite additions and 
yeast inoculations impacted juice/wine mycobiota differently. These results confirm the 
importance of the initial indigenous grape mycobiota and grape variety in shaping the juice/wine 
mycobiota. The presence of these specific fungi can impact wine enological characteristics. 
Since the indigenous fungi react differently to sulfites or yeast inoculations, knowing the initial 
mycobiota and their behavior during fermentation can help winemakers interested in producing 
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Figure 1. Flow chart demonstrating the sulfite level additions (0, 10, and 20 mg/L) and yeast inoculations (None, S. cerevisiae, 
and T. delbrueckii) of Noble and Vignoles juice. 













Figure 2. Effects of sulfite addition (SO2 0 mg/L, 10 mg/L, and 20 mg/L), yeast inoculation (None, S. cerevisiae, and T. 
delbrueckii), and fermentation time (0, 14, and 21 days) on total sugars, ethanol, and total organic acids in Noble juice/wine. 
a Each standard error bar was constructed using 1 standard error from the mean. Means with different letters for each attribute are 









Figure 3. Effects of sulfite addition (SO2 0 mg/L, 10 mg/L, and 20 mg/L), yeast inoculation (None, S. cerevisiae, and T. 
delbrueckii), and fermentation time (0, 14, and 21 days) on total sugars, ethanol, and total organic acids in Vignoles juice/wine. 
a Each standard error bar was constructed using 1 standard error from the mean. Means with different letters for each attribute are 





Figure 4. Relative abundance (> 1%) of indigenous fungal genera present in Noble and 
Vignoles juice. 
Where the assignment to the genus rank failed, the nearest taxonomic level with assignment was 







Figure 5. Shannon diversity indices of Noble and Vignoles juice/wine at day 0, 14, and 21 of 
fermentation.  





Figure 6. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of Noble juice/wine samples at the 
genus level at day 0 (A), day 14 (B), and day 21 (C) of fermentation. 
blue: none (no yeast was added to the juice), green: S.cer (S. cerevisiae), red: T.del (T. 
delbrueckii), filled circle: NS (no sulfite was added to the juice), cross: S10 (10 mg/L sulfite), 
circle: S20 (20 mg/L sulfite). (one-way ANOSIM based on Bray-Curtis similarity index, 





Figure 7. Fungal community distribution at the phylum level (relative abundance > 1%) 
recovered in Noble juice/wine at day 0 (A), day 14 (B), and day 21 (C). 
NS: no sulfite was added to the juice, S10: 10 mg/L sulfite, S20: 20 mg/L sulfite, none: no yeast 





Figure 8. Fungal community distribution at the genus level (relative abundance > 1%) 
recovered in Noble juice/wine at day 0 (A), day 14 (B), and day 21 (C). 
NS: no sulfite was added to the juice, S10: 10 mg/L sulfite, S20: 20 mg/L sulfite, none: no yeast 
was added to the juice. Where the assignment to the genus rank failed, the nearest taxonomic 




Figure 9. Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis 
similarity index of the fungal community structures of Vignoles juice/wine samples at the 
genus level at day 0 (A), day 14 (B), and day 21 (C) of fermentation. 
blue: none (no yeast was added to the juice), green: S.cer (S. cerevisiae), red: T.del (T. 
delbrueckii), filled circle: NS (no sulfite was added to the juice), cross: S10 (10 mg/L sulfite), 
circle: S20 (20 mg/L sulfite). (one-way ANOSIM based on Bray-Curtis similarity index, 






Figure 10. Fungal community distribution at the phylum level (relative abundance > 1%) 
recovered in Vignoles juice/wine at day 0 (A), day 14 (B), and day 21 (C). 
NS: no sulfite was added to the juice, S10: 10 mg/L of sulfite, S20: 20 mg/L sulfite, none: no 





Figure 11. Fungal community distribution at the genus level (relative abundance > 1%) 
recovered in Vignoles juice/wine at day 0 (A), day 14 (B), and day 21 (C). 
NS: no sulfite was added to the juice, S10: 10 mg/L of sulfite, S20: 20 mg/L sulfite, none: no 
yeast was added to the juice. Where the assignment to the genus rank failed, the nearest 





 The objectives of this research were to determine the phylogenetic diversity and 
taxonomic identity of the indigenous microbiota in Arkansas vineyards (grape, leaf, and soil) 
from different varieties of grapevines (wine, muscadine, and table grapes) using high-throughput 
sequencing methods (Chapters 1, 2, and 3) and to evaluate the phylogenetic diversity and 
taxonomic identity of microbiota during fermentation of Arkansas grape juice with different 
sulfite additions and yeast inoculations (Chapter 5). The average high temperatures were lower 
and rainfall was higher in 2017 as compared to 2016, which could have impacted vineyard 
microbiota distribution and relative abundance. 
 In the first three chapters, the impact of the year, vineyard location, and grape variety was 
studied. The year had an important impact on the fugal and bacterial communities’ distribution 
and relative abundance. A higher fungal diversity was observed in grapes, leaves, and soil in 
2017. A higher bacterial diversity was also observed in 2017 in leaves but not in soil. The 
location had a significant impact on the bacterial and fungal communities. While a specific core 
microbiota (e.g., Methylobacterium and Sphingomonas in leaves, Acidobacteria _Gp6 and 
Acidobacteria_Gp4 in soil, and Mortierella in table grapes soil) shared between samples from 
different locations was noticed, dissimilarities in fungal and bacterial communities’ relative 
abundance by location was observed. The vineyard under a high tunnel presented specific table 
grape and leaf fungal communities (e.g., Cladosporium) compared to the other vineyards (e.g., 
Filobasidium). The variety also had an impact on the bacterial and fungal communities, but with 
a lower significance compared to the year and location.  
 In the last chapter, the indigenous juice microbiota of the two grape varieties were 




Few dissimilarities in fungal communities’ relative abundances was observed. Yeast inoculation 
impacted the juice/wine mycobiota and composition of juice from both grape varieties. Sulfite 
additions had a higher impact on Vignoles juice/wine composition and mycobiota than on Noble 
juice/wine, suggesting the importance of grape variety in the choice of yeast inoculation and 
sulfite treatment during winemaking. 
 In this research, a full screening of the indigenous vineyard (grapes, leaves, and soil) 
microbiota specific to Arkansas region was completed using new sequencing technology. 
The impact on different factors, such as the year, vineyard location, grape variety, yeast 
inoculation, and sulfite concentration, on the indigenous grape, leaf, soil, and juice/wine 
microbiota was demonstrated. The identification of vineyard microbiota in Arkansas vineyards 
provided data to assist grape growers with preventive control measures to increase quality grape 
and wine production and corroborated finding from previous studies that demonstrated the link 
between the grape microbiota and vineyard location, growing season, and climate.  
 Research with high-throughput sequencing technology on other grape varieties and other 
vineyards/regions will help further expand identification of vineyard microbiota. Investigation of 
the dynamics of microbiota evolution during fermentation can help identify indigenous non-
Saccharomyces yeasts strains to use with S. cerevisiae strains for wine production. These 
microbiota in vineyards and during fermentation provides sources that can impact current 









Appendix A Table 1. Relative abundance (> 1%) of bacteria at the genus level recovered in leaf wine grape samples from 








LEAF WINE GRAPES POST 2016 POST 2017 KC  2016 KC  2017
CABERNET ZINFANDEL CYNTHIANA CABERNET ZINFANDEL CYNTHIANA CYNTHIANA CYNTHIANA VIGNOLES VIGNOLES
Methylobacterium 8.82 38.51 22.89 6.25 9.52 52.82 60.50 35.00 23.11 24.57
Sphingomonas 11.09 6.02 10.45 21.28 31.15 10.43 10.96 18.08 21.07 39.90
Comamonadaceae _unclassified 17.28 14.37 0.21 32.80 21.46 0.61 10.51 2.67 0.30 0.22
Pseudomonas 18.49 13.79 13.45 7.82 17.80 1.17 1.66 0.82 4.14 1.32
Massilia 12.22 3.04 11.49 6.66 2.41 7.18 1.62 5.22 0.61 0.32
Enterobacteriaceae _unclassified 0.25 0.06 8.17 2.31 0.17 0.97 0.70 6.02 8.41 0.11
Bacteria_unclassified 0.81 0.22 0.64 0.61 0.78 4.73 0.28 0.72 1.30 14.42
Acinetobacter 1.71 0.95 7.21 0.94 0.75 0.64 0.04 0.10 6.02 0.06
Betaproteobacteria_unclassified 0.00 0.19 0.00 2.16 0.02 0.01 0.18 14.21 0.02 0.03
Hymenobacter 0.00 0.08 0.15 0.20 0.92 1.56 3.43 3.87 1.93 3.99
Rhizobiales_unclassified 0.58 0.04 1.85 0.07 0.01 4.65 2.90 4.56 0.37 0.12
Aurantimonas 1.81 0.42 0.00 0.07 0.25 0.00 0.30 0.21 5.14 5.02
Curtobacterium 1.39 0.32 0.56 0.49 1.61 0.28 3.99 1.15 1.25 0.68
Arthrobacter 0.14 0.00 4.22 0.10 0.03 0.01 0.00 0.01 5.85 0.00
Xanthomonas 1.42 5.91 0.11 0.86 1.64 0.00 0.00 0.01 0.09 0.09
Bacteroides 3.77 0.31 0.36 1.84 0.66 0.20 0.00 0.11 0.04 0.94
Pantoea 1.04 0.90 1.31 0.07 0.66 0.01 0.03 0.68 2.89 0.06
Proteobacteria_unclassified 0.00 0.19 0.15 0.05 0.27 0.49 1.18 4.79 0.12 0.31
Escherichia_Shigella 2.89 1.43 0.51 1.23 0.59 0.33 0.06 0.09 0.20 0.08
Microbacteriaceae _unclassified 0.58 0.00 0.56 0.63 0.23 0.29 0.38 0.24 1.29 3.01







Appendix A Table 1. (Cont.) 
 
  
Relative abundance (> 1%) recovered in wine grape samples at each sampling locality, in 2016 and 2017. CHATEAU: Chateau aux 
Arc Vineyards and Winery, POST: Post Vineyards and Winery, KC: Keels Creek Winery, Cabernet: Cabernet Sauvignon. Where the 
assignment to the genus rank failed, the nearest taxonomic level with assignment was reported.  
LEAF WINE GRAPES POST 2016 POST 2017 KC  2016 KC  2017
CABERNET ZINFANDEL CYNTHIANA CABERNET ZINFANDEL CYNTHIANA CYNTHIANA CYNTHIANA VIGNOLES VIGNOLES
Acetobacteraceae _unclassified 0.03 0.11 0.00 0.10 0.02 5.69 0.01 0.04 0.07 0.03
Chryseobacterium 0.00 0.00 3.07 0.16 0.15 0.01 0.00 0.00 2.19 0.03
Oxalobacteraceae _unclassified 2.00 0.14 0.81 0.84 0.85 0.28 0.08 0.09 0.38 0.09
Kineococcus 2.59 0.49 0.17 0.44 0.10 0.04 0.12 0.03 0.29 0.64
Akkermansia 2.54 0.00 0.30 0.80 0.59 0.00 0.00 0.08 0.11 0.02
Gammaproteobacteria_unclassified 0.00 4.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gluconobacter 0.00 1.60 0.00 0.00 0.44 1.53 0.03 0.00 0.00 0.00
Lachnospiraceae _unclassified 0.00 0.23 0.18 1.53 0.52 0.60 0.00 0.03 0.03 0.16
Leuconostoc 0.00 0.00 1.06 0.12 0.05 0.01 0.00 0.01 1.86 0.03
Porphyromonadaceae _unclassified 0.08 0.23 0.03 1.14 0.92 0.46 0.03 0.04 0.06 0.12
Pseudomonadaceae _unclassified 0.34 1.03 0.22 0.07 0.94 0.03 0.05 0.01 0.02 0.05
Prevotellaceae _unclassified 0.00 0.00 0.00 1.57 0.47 0.61 0.00 0.02 0.02 0.02
Lactococcus 0.14 0.07 0.65 0.04 0.00 0.06 0.00 0.00 1.41 0.03
Corynebacterium 0.10 0.00 0.74 0.00 0.00 0.01 0.00 0.00 1.03 0.00
Bacteroidetes_unclassified 0.00 0.08 0.00 1.13 0.15 0.12 0.00 0.00 0.00 0.33
Stenotrophomonas 0.00 0.00 1.25 0.00 0.00 0.01 0.01 0.00 0.33 0.00
Bilophila 1.06 0.00 0.00 0.11 0.10 0.00 0.00 0.01 0.00 0.00







Appendix A Table 2. Relative abundance (> 1%) of bacteria at the genus level recovered in leaf muscadine grape samples from 
different commercial vineyards in Arkansas (2016 and 2017). 
 
Relative abundance (> 1%) recovered in muscadine grape samples at each sampling locality, in 2016 and 2017. POST: Post Vineyards 
and Winery, UA FRS: University of Arkansas Fruit Research Station. Where the assignment to the genus rank failed, the nearest 
taxonomic level with assignment was reported.
LEAF MUSCADINE GRAPES
CARLOS NOBLE CARLOS NOBLE CARLOS NOBLE CARLOS NOBLE
Methylobacterium 41.10 26.79 38.71 32.11 33.69 57.79 15.34 27.24
Sphingomonas 5.57 8.62 14.74 14.46 13.14 11.12 17.05 16.26
Enterobacteriaceae _unclassified 12.52 18.88 8.43 4.94 0.79 0.65 9.43 17.25
Massilia 12.67 12.39 9.16 19.89 5.77 2.43 7.28 2.06
Rhizobiales_unclassified 18.25 8.29 8.23 3.71 5.37 6.83 3.68 8.86
Hymenobacter 0.86 2.89 1.63 3.75 7.05 3.97 5.63 4.58
Pseudonocardiaceae _unclassified 0.00 0.41 0.00 0.08 6.50 2.51 4.55 2.04
Pseudomonas 1.22 5.99 0.73 3.95 1.52 0.64 1.48 0.45
Proteobacteria_unclassified 0.07 0.34 1.75 0.99 3.12 2.10 2.88 2.28
Bacteria_unclassified 0.73 0.94 1.71 1.66 2.05 1.14 2.27 2.65
Curtobacterium 1.61 2.37 3.55 3.30 1.09 0.66 0.00 0.01
Microbacteriaceae _unclassified 0.25 0.52 0.62 0.61 2.66 0.48 3.52 1.69
Naxibacter 0.07 0.00 0.06 0.00 0.02 0.08 6.59 0.07
Comamonadaceae _unclassified 0.37 0.22 0.11 0.11 0.90 0.38 2.52 1.86
Pantoea 0.13 0.55 0.40 1.29 0.62 0.15 0.81 1.48
Kineococcus 0.00 0.17 0.89 1.32 0.89 0.34 0.78 0.32
Arsenophonus 0.00 0.00 0.00 0.00 0.00 0.00 0.15 4.16
Aurantimonas 0.03 0.17 0.16 0.00 1.44 1.51 0.85 0.09
Roseomonas 0.07 0.65 0.24 0.03 1.22 0.77 0.50 0.57
Escherichia_Shigella 0.13 0.26 1.69 0.49 0.09 0.06 0.06 0.10
Stenotrophomonas 0.00 1.53 0.18 0.00 0.29 0.00 0.00 0.00
Acinetobacter 0.10 0.08 1.16 0.29 0.06 0.06 0.11 0.14
Rhizobium 0.07 0.18 0.06 0.03 0.12 0.05 1.31 0.02







Appendix A Table 3. Relative abundance (> 1%) of bacteria at the genus level recovered in leaf table grape samples from 




FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE
Comamonadaceae _unclassified 35.55 76.88 3.27 53.63 3.32 25.02 0.55 4.99 0.05 0.38 0.00 0.00
Methylobacterium 2.38 0.65 7.88 2.18 47.58 25.85 20.70 10.03 0.17 0.10 0.46 0.26
Sphingomonas 6.25 1.71 14.61 6.12 34.03 23.85 8.83 5.76 1.13 1.09 0.10 0.18
Porphyromonadaceae _unclassified 3.47 0.11 10.98 1.04 0.00 0.00 13.20 16.45 4.28 1.31 25.22 24.66
Bacteroides 0.10 0.06 9.07 0.59 0.00 0.03 8.06 9.80 4.20 1.30 11.26 12.63
Lachnospiraceae _unclassified 0.00 0.24 3.69 0.78 0.01 0.00 5.47 5.07 14.75 7.10 8.76 10.09
Bacillales_unclassified 0.23 0.00 0.14 0.00 0.04 0.00 0.37 0.25 19.02 32.77 1.04 0.85
Pseudomonas 20.72 7.39 3.65 3.95 1.10 3.80 0.52 0.49 1.81 4.39 0.85 0.52
Bacteroidetes_unclassified 0.00 0.00 4.51 0.46 0.01 0.00 4.65 6.00 0.89 1.26 6.69 7.03
Prevotellaceae _unclassified 0.04 0.00 3.00 0.48 0.00 0.00 5.07 4.51 0.35 1.21 7.60 6.87
Alistipes 0.54 0.19 1.53 0.12 0.00 0.00 1.43 2.19 9.27 3.39 1.91 2.09
Gluconobacter 0.71 0.00 2.51 1.54 0.06 0.00 3.37 3.39 0.00 0.00 4.38 4.97
Acinetobacter 0.58 0.73 1.17 0.38 0.06 0.04 1.87 1.83 4.15 4.16 2.31 1.96
Enterobacteriaceae _unclassified 1.33 1.00 1.94 1.61 0.22 0.21 2.01 2.52 0.92 0.26 3.28 2.95
Ruminococcaceae _unclassified 0.19 0.02 0.94 0.12 0.00 0.03 1.01 1.17 4.32 4.13 2.26 1.10
Proteobacteria_unclassified 0.66 0.03 3.47 3.31 2.52 3.68 0.19 0.42 0.11 0.06 0.00 0.00
Xanthomonas 1.86 3.80 0.10 4.06 0.12 2.92 0.04 0.89 0.05 0.19 0.00 0.05
Pantoea 1.81 2.21 0.60 1.02 0.23 4.64 0.39 0.46 0.05 0.00 0.39 0.71
Barnesiella 0.00 0.00 1.01 0.07 0.00 0.00 1.51 2.14 0.00 0.38 3.25 3.51
Bacteria_unclassified 0.19 0.08 0.34 0.44 0.56 0.42 3.14 0.82 2.75 1.68 0.27 0.62
Massilia 2.60 0.35 1.91 2.72 0.65 1.00 0.02 0.35 0.11 0.13 0.35 0.21
Curtobacterium 3.45 0.00 3.91 0.11 1.08 0.64 0.27 0.04 0.67 0.23 0.00 0.00
Hymenobacter 0.00 0.00 3.52 0.47 2.19 0.84 1.83 0.54 0.00 0.16 0.00 0.00
Escherichia_Shigella 1.09 0.18 0.14 0.08 0.05 0.10 0.41 0.27 1.89 4.08 0.66 0.40
Orbus 8.55 0.00 0.00 0.60 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lactobacillus 0.02 0.05 0.24 0.40 0.00 0.00 1.08 1.36 1.12 1.97 1.21 1.12
Gluconacetobacter 0.07 0.00 0.45 0.48 0.01 0.00 1.19 1.57 0.00 0.00 1.95 2.09
Acidaminococcaceae _unclassified 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 3.36 3.60 0.02 0.18
Clostridiales_unclassified 0.02 0.06 0.14 0.00 0.00 0.00 0.55 0.43 2.46 1.97 0.70 0.67







Appendix A Table 3. (Cont.) 
 
Relative abundance (> 1%) recovered in table grape samples at each sampling locality, in 2016 and 2017. POST: Post Vineyards and 
Winery, UA FRS: University of Arkansas Fruit Research Station, UA AREC: University of Arkansas Agricultural Research and 








FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH GRATITUDE
Odoribacter 0.00 0.00 0.34 0.07 0.00 0.00 1.22 0.80 0.28 0.00 2.00 1.97
Oxalobacteraceae _unclassified 0.60 0.10 1.77 1.87 0.58 0.67 0.08 0.02 0.00 0.00 0.00 0.05
Chryseobacterium 0.01 0.01 1.74 0.00 0.08 0.00 0.64 0.45 0.00 0.07 1.51 1.22
Betaproteobacteria_unclassified 0.00 0.09 0.22 0.16 0.03 3.55 0.05 1.36 0.05 0.06 0.00 0.00
Leuconostoc 0.66 0.14 1.13 0.14 0.00 0.00 0.58 0.04 0.28 0.81 0.44 0.60
Aurantimonas 0.00 0.00 0.16 0.28 1.31 0.30 1.31 0.80 0.11 0.38 0.04 0.00
Acetobacter 0.85 0.00 0.80 1.70 0.05 0.01 0.05 0.05 0.11 0.00 0.31 0.22
Arsenophonus 0.00 0.00 0.00 0.00 0.00 0.00 0.37 3.68 0.00 0.00 0.00 0.00
Arthrobacter 0.00 0.64 0.25 0.00 0.01 0.00 0.42 0.37 0.00 0.07 0.99 1.10
Firmicutes_unclassified 0.00 0.02 0.12 0.00 0.00 0.00 0.19 0.31 0.30 1.44 0.25 0.43
Rhizobiales_unclassified 0.23 0.06 1.28 0.11 0.48 0.22 0.21 0.24 0.12 0.00 0.07 0.00
Prevotella 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.78 1.67 0.00 0.00
Kineococcus 0.07 0.06 0.47 1.01 0.23 0.40 0.00 0.00 0.00 0.07 0.00 0.00
Flavobacterium 0.02 0.00 0.00 0.00 0.06 0.10 0.00 0.00 1.66 0.48 0.00 0.00
Akkermansia 0.00 0.00 0.08 0.00 0.00 0.01 0.04 0.24 0.55 1.12 0.04 0.12
Entomoplasmataceae _unclassified 0.00 0.00 0.00 0.00 0.00 0.00 0.46 1.35 0.00 0.00 0.00 0.00
Anaeroplasma 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 1.52 0.00 0.08 0.00
Clostridium_sensu_stricto 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 1.27 0.53 0.00 0.05







Appendix A Table 4. Relative abundance (> 1%) of bacteria at the genus level recovered in soil wine grape samples from 
different commercial vineyards in Arkansas (2016 and 2017). 
 
 
Relative abundance (> 1%) recovered in wine grape samples at each sampling locality, in 2016 and 2017. CHATEAU: Chateau aux 
Arc Vineyards and Winery, POST: Post Vineyards and Winery, KC: Keels Creek Winery, Cabernet: Cabernet Sauvignon. Where the 
assignment to the genus rank failed, the nearest taxonomic level with assignment was reported.  
SOIL WINE GRAPES POST 2016 POST 2017 KC  2016 KC  2017
  CABERNET ZINFANDEL   CYNTHIANA   CABERNET ZINFANDEL   CYNTHIANA CYNTHIANA CYNTHIANA   VIGNOLES   VIGNOLES
Bacteria_unclassified 26.10 23.33 22.95 28.36 30.93 28.78 25.02 29.16 25.04 28.66
Acidobacteria_Gp6 9.72 4.82 8.18 9.98 6.99 7.19 11.17 8.76 12.12 10.03
Acidobacteria_Gp4 12.52 9.53 7.22 8.89 6.73 6.84 10.32 10.06 9.46 5.89
Verrucomicrobia_unclassified 4.28 4.94 2.92 3.57 3.58 4.34 4.02 3.39 3.77 3.69
Spartobacteria_unclassified 2.85 6.39 5.50 3.41 4.61 6.86 3.71 3.20 7.52 10.09
Betaproteobacteria_unclassified 3.55 2.86 4.34 3.84 4.37 3.90 5.23 5.15 3.63 3.51
Pseudomonas 2.71 0.51 6.72 0.12 0.09 0.07 0.54 0.14 0.48 0.10
Acidobacteria_Gp1 1.74 6.06 2.01 1.17 1.94 3.23 0.90 0.64 0.25 0.27
Bacteroidetes_unclassified 1.52 2.02 1.90 1.26 1.31 1.67 2.05 2.83 1.43 1.47
Proteobacteria_unclassified 1.63 1.32 2.05 2.15 2.03 2.13 1.81 2.44 1.86 1.60
Gammaproteobacteria_unclassified 1.64 1.50 1.57 1.77 1.20 1.82 1.60 1.91 0.85 0.68
Planctomycetaceae _unclassified 1.78 2.15 1.74 1.84 2.72 2.75 1.92 1.35 2.42 3.34
Myxococcales_unclassified 1.70 1.20 1.09 1.97 2.11 1.77 2.01 2.40 1.90 2.08
Rhizobiales_unclassified 1.15 1.55 1.54 1.91 1.82 1.56 1.69 1.18 1.58 1.78
Alphaproteobacteria_unclassified 1.24 1.50 1.25 1.45 1.71 1.26 2.05 1.48 0.55 0.62
Chitinophagaceae_unclassified 1.85 1.40 1.44 1.14 1.42 0.81 1.48 1.45 1.84 1.62
Acidobacteria_Gp3 1.62 2.55 0.94 0.77 1.13 1.27 1.51 0.77 0.53 0.37
Acidobacteria_Gp2 0.95 1.33 0.67 0.57 0.68 1.71 0.32 0.26 0.23 0.21
Gemmatimonas 1.18 1.27 1.56 1.50 1.78 1.65 1.81 2.33 1.07 1.13
Acidobacteria_Gp7 1.30 2.02 1.58 0.85 1.28 1.56 1.15 1.65 1.27 0.87
Rhodospirillales_unclassified 1.43 1.26 0.97 1.06 0.95 1.34 0.77 0.54 0.30 0.31
Nitrospira 0.57 0.61 0.43 0.66 0.60 0.52 1.06 0.84 0.38 0.19
Actinobacteria_unclassified 0.56 0.66 0.59 1.15 0.95 0.66 0.61 0.66 2.11 2.39
Acidobacteria_Gp16 0.72 0.42 0.42 1.17 0.87 0.81 0.74 0.85 0.95 1.12
Chthonomonas_gp3 0.94 1.30 0.60 0.30 0.41 0.64 0.66 0.38 0.29 0.15
Massilia 0.03 0.06 2.05 0.17 0.11 0.05 0.24 0.06 0.04 0.01







Appendix A Table 5. Relative abundance (> 1%) of bacteria at the genus level recovered in soil muscadine grape samples from 











SOIL MUSCADINE GRAPES 
  CARLOS   NOBLE   CARLOS   NOBLE   CARLOS   NOBLE   CARLOS   NOBLE 
Bacteria_unclassified 22.43 22.59 20.76 21.80 25.03 23.12 27.79 29.23
Acidobacteria_Gp6 4.64 2.00 5.24 2.74 8.87 10.74 13.98 7.87
Acidobacteria_Gp4 5.78 0.10 5.10 0.71 9.69 12.53 10.09 9.05
Verrucomicrobia_unclassified 5.07 7.25 6.37 8.96 3.72 3.17 4.24 3.79
Betaproteobacteria_unclassified 3.28 1.46 3.48 2.21 3.79 4.01 4.52 6.40
Acidobacteria_Gp1 3.90 10.27 3.51 8.19 0.55 0.34 0.60 1.00
Acidobacteria_Gp2 4.01 8.11 1.52 10.81 0.50 0.48 0.60 0.50
Spartobacteria_unclassified 3.54 1.88 4.42 2.02 3.18 2.76 3.42 5.02
Bacteroidetes_unclassified 2.10 1.45 3.63 2.61 3.62 3.00 1.59 1.91
Gammaproteobacteria_unclassified 2.31 4.20 2.30 3.31 1.35 1.60 1.56 1.89
Alphaproteobacteria_unclassified 3.60 1.73 2.47 2.71 1.52 1.36 1.68 1.87
Acidobacteria_Gp3 3.22 3.13 2.03 3.28 0.84 1.39 1.13 1.27
Rhizobiales_unclassified 1.44 2.21 2.41 1.57 1.11 1.15 1.67 1.93
Planctomycetaceae _unclassified 2.75 1.79 1.53 1.04 1.48 1.44 1.56 1.60
Proteobacteria_unclassified 1.63 0.83 1.60 1.44 1.70 1.57 1.88 2.15
Pseudomonas 0.10 0.10 0.12 0.06 5.14 6.51 0.16 0.27







Appendix A Table 5. (Cont.) 
 
Relative abundance (> 1%) recovered in muscadine grape samples at each sampling locality, in 2016 and 2017. POST: Post Vineyards 
and Winery, UA FRS: University of Arkansas Fruit Research Station. Where the assignment to the genus rank failed, the nearest 
taxonomic level with assignment was reported.  
SOIL MUSCADINE GRAPES 
  CARLOS   NOBLE   CARLOS   NOBLE   CARLOS   NOBLE   CARLOS   NOBLE 
Chitinophagaceae _unclassified 1.20 1.46 1.88 2.02 1.54 1.10 1.27 1.39
Myxococcales_unclassified 1.45 1.22 1.40 1.00 1.23 0.96 1.84 2.12
Rhodospirillales_unclassified 2.14 2.37 1.75 1.50 0.75 0.77 0.70 0.71
Acidobacteria_Gp7 2.50 0.36 1.27 0.41 1.03 1.08 0.56 0.74
Nitrospira 0.99 0.04 1.29 0.24 0.94 1.13 1.77 1.51
Gemmatimonas 1.10 0.34 1.37 0.43 1.16 1.06 0.87 0.93
Deltaproteobacteria_unclassified 0.90 0.20 0.87 0.22 0.68 0.93 1.38 1.19
Planctomyces 1.10 1.21 0.53 0.75 0.72 0.40 0.34 0.35
Actinomycetales_unclassified 0.60 1.90 0.88 1.22 0.13 0.06 0.13 0.25
Flavobacterium 0.24 0.08 0.25 0.02 2.83 1.61 0.07 0.04
Ktedonobacteria_unclassified 0.75 1.89 0.68 1.68 0.00 0.00 0.00 0.01
Actinobacteria_unclassified 0.39 0.26 0.35 0.27 0.60 0.83 0.86 1.08
Acidobacteria_Gp13 0.79 1.57 0.54 1.37 0.09 0.05 0.03 0.09
Acidobacteria_Gp16 0.45 0.09 0.81 0.14 0.47 0.58 1.01 0.83
Burkholderia 0.59 1.89 0.19 0.94 0.06 0.03 0.02 0.05
Chloroflexi_unclassified 0.47 1.00 0.42 0.53 0.11 0.10 0.18 0.14
Massilia 0.03 0.00 0.02 0.01 1.55 0.85 0.01 0.05
Phenylobacterium 0.13 1.10 0.20 0.50 0.08 0.05 0.09 0.06







Appendix A Table 6. Relative abundance (> 1%) of bacteria at the genus level recovered in soil table grape samples from 










FAITH GRATITUDE FAITH GRATITUDE FAITH  GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH  GRATITUDE
Bacteria_unclassified 25.36 25.76 22.08 25.10 21.38 25.09 24.52 22.52 24.70 20.75 27.20 25.43
Acidobacteria_Gp6 7.47 5.13 12.54 10.36 7.81 12.17 7.94 5.79 6.31 6.75 7.08 6.43
Acidobacteria_Gp4 6.12 2.28 8.92 5.15 6.28 10.70 10.83 12.61 5.77 9.35 5.38 10.08
Verrucomicrobia_unclassified 4.75 3.88 5.03 5.06 3.71 4.29 2.76 2.97 3.99 3.75 7.43 5.90
Spartobacteria_unclassified 7.46 5.90 5.42 3.05 1.84 2.47 2.74 3.51 1.47 1.86 1.64 2.96
Betaproteobacteria_unclassified 3.36 2.84 4.06 4.45 3.32 3.24 4.84 4.24 2.82 3.00 3.53 3.17
Pseudomonas 2.54 10.41 0.09 0.60 15.33 1.16 0.16 0.34 13.27 17.28 0.34 0.29
Acidobacteria_Gp1 2.65 3.49 1.20 0.48 0.45 1.00 0.80 1.52 2.54 4.42 2.42 2.78
Bacteroidetes_unclassified 1.67 1.45 1.73 2.92 2.05 1.79 2.31 2.40 1.20 1.18 2.09 2.00
Proteobacteria_unclassified 1.62 0.90 1.46 1.99 1.80 1.94 2.71 2.71 1.35 1.06 2.27 2.24
Gammaproteobacteria_unclassified 1.24 1.42 1.57 1.91 1.61 1.91 2.24 1.54 1.15 1.18 3.07 1.96
Planctomycetaceae _unclassified 2.08 1.36 1.69 1.12 1.46 1.64 0.90 0.93 2.37 1.04 1.63 1.16
Myxococcales_unclassified 1.13 0.74 1.90 2.41 1.55 1.09 3.09 3.11 1.17 0.93 2.50 2.13
Rhizobiales_unclassified 1.81 1.70 1.76 1.98 1.17 1.37 1.65 1.13 2.11 1.50 1.69 1.58
Alphaproteobacteria_unclassified 0.99 1.17 1.43 1.21 1.23 1.37 2.45 1.79 1.47 1.70 1.78 1.50
Chitinophagaceae _unclassified 0.96 1.33 1.68 2.27 1.33 1.29 2.58 2.95 0.86 0.77 1.00 1.62
Acidobacteria_Gp3 1.30 1.39 1.01 0.93 0.94 0.99 0.97 1.15 1.38 2.81 1.43 1.96
Acidobacteria_Gp2 1.23 1.80 0.40 0.08 0.17 0.45 0.13 0.10 0.78 1.58 0.78 0.91
Gemmatimonas 0.73 0.86 1.22 1.70 1.14 1.45 2.05 2.69 1.01 1.04 0.81 1.23
Acidobacteria_Gp7 1.68 1.30 2.09 0.87 0.64 1.04 1.20 1.50 0.80 1.14 0.71 0.61
Rhodospirillales_unclassified 1.75 2.03 1.33 1.33 0.64 0.66 0.64 0.82 1.50 1.50 1.73 1.29
Nitrospira 0.93 0.74 0.58 0.69 1.34 1.53 1.05 0.79 0.46 0.83 0.71 1.27











Relative abundance (> 1%) recovered in table grape samples at each sampling locality, in 2016 and 2017. POST: Post Vineyards and 
Winery, UA FRS: University of Arkansas Fruit Research Station, UA AREC: University of Arkansas Agricultural Research and 




















FAITH GRATITUDE FAITH GRATITUDE FAITH  GRATITUDE FAITH GRATITUDE FAITH GRATITUDE FAITH  GRATITUDE
Deltaproteobacteria_unclassified 0.64 0.44 1.36 0.96 0.71 0.92 0.89 0.94 0.61 0.67 1.03 0.93
Acidobacteria_Gp16 0.83 0.53 0.76 1.02 0.95 0.70 0.86 0.59 1.17 0.67 1.02 1.32
Sphingomonadaceae _unclassified 0.28 0.17 0.69 0.35 0.27 0.59 1.03 1.39 0.41 0.42 0.33 0.17
Flavobacterium 0.33 0.43 0.23 0.50 3.97 0.66 0.19 0.13 0.26 0.15 0.26 0.22
Actinomycetales_unclassified 0.49 1.39 0.40 0.79 0.12 0.11 0.18 0.38 0.24 0.13 0.27 0.29
Ktedonobacteria_unclassified 0.25 1.01 0.08 0.04 0.00 0.00 0.01 0.00 0.01 0.01 0.02 0.00
Porphyromonadaceae _unclassified 1.10 0.01 0.04 0.00 0.08 0.02 0.00 0.02 0.00 0.00 0.00 0.00







Appendix B Table 1. Relative abundance (> 1%) of fungi at the genus level recovered in wine grape samples from different 
commercial vineyards in Arkansas (2016 and 2017). 
 
Relative abundance (> 1%) recovered in grape samples at each sampling locality, in 2016 and 2017. CHATEAU: Chateau aux Arc 
Vineyards and Winery, POST: Post Vineyards and Winery, KC: Keels Creek Winery, Cabernet: Cabernet Sauvignon. Where the 
assignment to the genus rank failed, the nearest taxonomic level with assignment was reported. 
WINE GRAPES POST 2016 POST 2017 KC 2016 KC 2017
CABERNET ZINFANDEL CYNTHIANA  CABERNET ZINFANDEL CYNTHIANA CYNTHIANA  CYNTHIANA   VIGNOLES   VIGNOLES  
Fungi_unclassified 81.31 59.87 73.19 56.63 33.03 56.07 56.03 39.61 62.34 38.34
Meyerozyma 0.09 22.13 0.12 0.18 30.68 0.30 0.78 2.39 0.00 0.08
Uwebraunia 0.13 0.21 0.02 0.03 0.02 1.29 13.09 4.84 11.40 14.27
Ampelomyces 0.00 0.00 0.00 24.70 1.36 0.32 0.00 0.08 0.00 0.16
Papiliotrema 0.86 0.82 6.94 0.66 1.14 7.29 2.53 3.39 0.79 1.64
Aureobasidiaceae _unclassified 6.33 3.96 5.91 2.19 1.65 1.83 0.09 0.24 0.23 0.16
Curvibasidium 0.02 0.08 0.25 0.02 5.55 0.30 1.51 5.99 0.61 8.26
Dissoconium 0.12 0.24 0.50 0.68 1.32 4.05 0.67 7.28 0.24 5.86
Bullera 0.22 0.60 0.08 0.20 0.61 0.56 1.99 1.72 5.68 5.91
Pleosporales_unclassified 0.40 0.68 0.16 0.41 0.89 0.57 3.00 3.62 2.37 4.04
Ascomycota_unclassified 1.74 0.46 1.13 0.44 0.18 2.03 1.20 2.91 1.35 3.13
Hanseniaspora 0.03 5.16 2.11 0.15 5.79 0.90 0.00 0.02 0.09 0.13
Filobasidium 2.08 0.39 0.90 4.39 0.41 0.98 0.50 0.12 0.34 3.80
Mycosphaerellaceae _unclassified 0.44 0.30 0.93 0.26 1.69 1.52 2.21 1.85 0.58 0.64
Hannaella 0.24 0.03 0.01 0.23 0.85 0.16 1.59 1.71 4.07 1.95
Schizothyriaceae_ unclassified 0.01 0.07 0.00 0.01 0.09 1.85 1.02 3.19 1.09 0.39
Dothideomycetes_unclassified 0.50 0.33 0.48 1.67 2.04 1.61 0.15 0.20 0.09 0.42
Candida 0.03 0.03 0.00 0.60 1.70 2.34 0.02 2.30 0.00 0.41
Ramularia 0.00 0.03 0.05 0.05 0.00 1.41 2.85 2.11 0.04 0.42
Aspergillus 0.02 0.00 0.02 0.67 1.50 1.74 0.04 1.77 0.05 0.38
Podosphaera 0.00 0.00 0.00 0.40 1.33 1.90 0.00 1.56 0.00 0.26
Tremellomycetes_unclassified 0.01 0.02 0.06 0.11 0.37 0.60 1.68 0.61 1.02 0.37
Tremellales_unclassified 0.02 0.08 0.12 0.07 0.13 0.31 0.59 0.33 2.36 0.78
Dioszegia 0.34 0.01 0.95 1.16 0.75 0.40 0.09 0.37 0.32 0.23
Penicillium 0.11 0.04 0.01 0.23 1.05 0.67 0.05 0.54 0.02 0.12
Zygoascus 0.06 1.07 0.00 0.00 0.39 0.41 0.37 0.36 0.00 0.00
Taphrina 0.01 0.00 0.23 0.00 0.00 0.43 0.02 0.25 0.08 1.44
Acremonium 0.00 0.05 0.07 0.00 0.00 0.02 1.21 0.19 0.05 0.03







Appendix B Table 2. Relative abundance (> 1%) of fungi at the genus level recovered in muscadine grape samples from a 
commercial and an experimental vineyards in Arkansas (2016 and 2017). 
Relative abundance (> 1%) recovered in grape samples at each sampling locality, in 2016 and 2017. POST: Post Vineyards and 
Winery, UA FRS: University of Arkansas Fruit Research Station. Where the assignment to the genus rank failed, the nearest 
taxonomic level with assignment was reported. 
MUSCADINE GRAPES
 CARLOS  NOBLE  CARLOS  NOBLE  CARLOS  NOBLE  CARLOS  NOBLE 
Fungi_unclassified 36.57 26.35 25.53 17.19 65.59 70.70 64.43 50.84
Uwebraunia 23.30 20.16 15.04 36.52 0.25 0.12 7.20 18.98
Zymoseptoria 24.67 14.94 21.05 23.05 0.00 0.00 0.01 0.05
Papiliotrema 1.42 3.34 5.55 4.94 4.77 4.61 6.11 9.52
Ascomycota_unclassified 3.12 14.05 2.01 2.34 0.94 1.05 0.98 1.19
Mycosphaerellaceae _unclassified 2.53 10.05 0.71 3.25 0.27 0.28 0.42 2.25
Filobasidium 0.00 0.06 0.00 0.05 8.62 6.21 1.06 0.90
Pleosporales_unclassified 0.92 1.55 1.98 3.11 0.76 1.61 0.51 0.60
Pseudopithomyces 0.51 0.47 2.21 1.55 1.35 1.55 0.67 0.97
Curvibasidium 0.20 0.01 4.77 0.12 1.17 0.25 0.38 0.73
Hannaella 0.04 0.17 4.60 0.52 0.15 0.12 1.14 0.83
Heterocephalacria 0.21 0.12 4.68 0.17 0.02 0.03 0.00 0.00
Aureobasidiaceae _unclassified 0.09 0.09 0.40 0.29 0.95 1.06 0.69 0.92
Dissoconium 0.14 0.35 0.02 0.23 1.43 1.95 0.47 0.33
Basidiomycota_unclassified 0.21 0.10 0.26 0.14 0.89 0.31 1.91 0.51
Colletotrichum 0.05 0.02 0.02 0.00 0.40 0.23 2.81 0.23
Ramularia 1.36 1.54 0.09 0.05 0.14 0.00 0.02 0.10
Immersidiscosia 0.30 0.65 1.34 0.24 0.00 0.13 0.50 0.38
Saitozyma 0.05 0.16 0.28 0.10 0.09 0.11 0.92 1.59
Pseudocercospora 0.16 1.24 0.14 0.02 0.17 0.21 0.21 0.78
Strelitziana 0.01 0.05 0.00 0.09 1.20 1.32 0.18 0.05
Didymellaceae _unclassified 0.01 0.03 0.16 0.10 0.50 1.07 0.49 0.37
Sporobolomyces 0.14 0.05 0.54 1.33 0.03 0.03 0.16 0.10
Vishniacozyma 0.01 0.01 0.00 0.04 0.16 0.00 1.11 0.40
Sporocadaceae _unclassified 0.20 0.10 1.05 0.01 0.02 0.09 0.08 0.15
Meyerozyma 0.04 0.08 0.01 0.00 1.36 0.01 0.01 0.00
Pseudohyphozyma 0.05 0.00 1.29 0.00 0.00 0.00 0.00 0.00







Appendix C Table 1. Relative abundance (> 1%) of fungi at the genus level recovered in table grape samples from the 
different commercial and experimental vineyards in Arkansas (2016 and 2017). 
 
Relative abundance (> 1%) recovered in grape samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit 
Research Station, UA AREC: University of Arkansas Agricultural Research and Extension center, POST: Post Vineyards and Winery. 
Where the assignment to the genus rank failed, the nearest taxonomic level with assignment was reported.  
TABLE GRAPES 
Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude
Fungi_unclassified 9.44 12.60 17.85 26.76 52.06 40.82 42.04 41.00 70.12 72.80 53.98 53.29
Sporidiobolaceae _unclassified 53.87 62.26 12.69 37.68 20.54 25.14 4.72 6.12 0.17 0.23 0.13 0.30
Filobasidium 8.33 18.35 1.82 12.18 7.17 14.81 0.30 1.51 0.15 0.01 0.03 0.09
Cladosporium 0.00 0.10 0.01 0.04 0.01 0.15 0.01 0.06 16.44 14.77 19.73 13.05
Meyerozyma 6.79 0.12 36.05 1.17 0.22 0.02 1.88 1.45 0.02 0.01 0.76 1.22
Didymella 0.84 0.49 0.14 0.08 3.63 2.72 5.38 13.43 0.00 0.00 0.00 0.00
Saccharomycetales_unclassified 1.17 0.02 18.43 0.78 0.02 0.00 0.32 0.13 0.00 0.00 1.16 1.13
Hannaella 0.01 0.02 0.00 0.14 1.08 1.20 13.65 4.11 0.12 0.05 0.16 0.18
Dissoconium 0.02 0.02 0.47 0.07 4.47 2.10 6.21 5.91 0.09 0.09 0.10 0.11
Papiliotrema 0.78 0.80 3.07 5.16 0.95 3.42 1.00 1.82 0.00 0.26 0.03 0.15
Ascomycota_unclassified 0.22 1.14 0.58 1.65 1.62 1.72 1.85 3.54 1.87 1.66 0.54 0.43
Zygoascus 10.43 0.03 0.26 2.05 0.22 0.00 3.64 0.02 0.00 0.00 0.00 0.00
Podosphaera 0.00 0.00 0.84 1.25 0.00 0.00 0.75 0.65 0.03 0.00 4.85 6.81
Candida 0.27 0.05 1.23 1.15 0.02 0.00 1.25 0.61 0.00 0.00 4.63 5.78
Pleosporales_unclassified 0.10 0.20 0.21 0.78 1.74 0.88 2.16 3.63 0.86 0.58 0.34 0.16
Tremellales_unclassified 0.41 0.58 0.68 1.32 0.43 2.24 1.28 2.40 0.14 0.25 0.13 0.28
Hanseniaspora 4.07 0.09 0.41 0.14 0.64 0.00 3.22 1.36 0.00 0.01 0.02 0.02
Penicillium 0.10 0.66 0.31 0.36 0.00 0.01 0.47 0.26 0.46 0.11 2.72 3.54
Zygophiala 0.01 0.00 0.01 0.49 0.27 0.14 0.97 0.85 1.61 2.03 0.92 0.36
Mycosphaerellaceae _unclassified 0.01 0.01 0.01 0.37 0.06 0.02 0.10 0.12 2.55 2.37 0.72 0.43
Basidiomycota_unclassified 0.01 0.02 0.01 0.19 0.10 0.50 0.74 3.86 0.05 0.05 0.09 0.19
Aspergillus 0.03 0.08 0.02 0.30 0.87 0.01 0.14 0.16 0.02 0.04 0.76 2.27
Ramularia 0.01 0.00 0.00 0.00 0.02 0.05 0.04 0.05 2.09 0.75 1.00 0.18
Talaromyces 0.00 0.02 0.08 0.02 0.00 0.00 0.20 0.21 0.02 0.00 0.65 2.08
Dioszegia 0.00 0.00 0.00 0.08 0.14 1.37 0.37 0.86 0.00 0.07 0.00 0.03
Trichoderma 0.00 0.00 0.21 0.10 0.00 0.00 0.17 0.11 0.00 0.00 0.75 1.09
Saccharomycopsis 0.44 0.10 0.00 0.00 0.02 0.00 1.03 0.07 0.00 0.00 0.00 0.00







Appendix C Table 2. Relative abundance (> 1%) of fungi at the genus level recovered in leaf samples from the different 
commercial and experimental vineyards in Arkansas (2016 and 2017). 
 
 
Relative abundance (> 1%) recovered in leaf samples at each location, in 2016 and 2017. UA FRS: University of Arkansas Fruit 
Research Station, UA AREC: University of Arkansas Agricultural Research and Extension center, POST: Post Vineyards and Winery. 




Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude
Fungi_unclassified 9.30 33.46 35.58 34.88 52.27 34.90 42.56 41.94 61.33 51.30 41.22 30.02
Sporidiobolaceae _unclassified 70.11 35.75 45.62 46.58 29.13 43.75 11.33 11.44 0.11 0.13 0.18 0.47
Filobasidium 14.70 18.46 6.50 8.09 5.44 10.58 0.52 1.05 0.19 0.18 0.08 0.09
Cladosporium 0.05 0.01 0.00 0.02 0.01 0.03 0.03 0.06 31.93 42.24 45.89 65.52
Pleosporales_unclassified 0.09 0.05 0.43 0.25 3.64 1.02 7.52 8.84 0.23 0.25 0.34 0.11
Didymella 0.81 3.94 0.02 0.02 3.75 2.63 8.55 16.59 0.00 0.00 0.03 0.00
Papiliotrema 1.68 1.23 6.73 2.60 0.31 1.04 1.75 0.68 0.01 0.01 0.03 0.01
Microbotryomycetes_unclassified 0.05 0.04 0.40 0.07 1.09 0.47 6.75 3.71 0.00 0.02 0.01 0.00
Mycosphaerellaceae _unclassified 0.09 0.04 0.17 0.06 0.64 0.50 5.10 2.08 0.48 0.27 1.39 0.08
Erysiphe 0.87 2.90 0.00 0.00 0.12 0.05 1.34 0.90 0.00 0.00 3.03 0.00
Ascomycota_unclassified 0.45 1.49 0.15 1.30 0.37 1.00 0.67 0.65 0.47 1.41 0.30 0.32
Symmetrospora 0.00 0.00 0.33 0.32 0.24 0.73 1.64 5.82 0.01 0.05 0.04 0.07
Hannaella 0.01 0.07 0.06 0.15 0.10 0.60 4.64 0.85 0.05 0.08 0.07 0.04
Tremellales_unclassified 0.52 0.82 1.03 0.60 0.38 0.70 1.12 0.88 0.58 0.33 0.13 0.10
Ramularia 0.06 0.01 0.02 0.01 0.03 0.05 0.03 0.00 0.84 0.44 2.92 0.62
Dothideomycetes_unclassified 0.05 0.09 0.04 0.03 0.12 0.09 0.14 0.65 1.19 0.94 0.76 0.38
Dioszegia 0.01 0.00 0.18 0.04 0.43 0.58 1.23 0.68 0.00 0.00 0.01 0.01







Appendix C Table 3. Relative abundance (> 1%) of fungi at the genus level recovered in soil samples from the different 








Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude
Fungi_unclassified 17.44 5.18 32.97 19.98 4.24 25.38 39.94 63.38 6.41 10.78 26.93 30.29
Mortierella 63.19 61.53 9.50 12.35 41.41 10.72 4.35 0.47 46.85 37.93 18.47 16.12
Mortierellaceae _unclassified 1.30 2.41 0.66 0.81 8.24 12.75 3.25 0.10 35.16 32.14 7.59 12.21
Mortierellales_unclassified 0.21 0.76 0.69 11.90 41.85 35.54 4.63 2.87 2.68 1.18 1.05 0.78
Glomeraceae _unclassified 2.27 8.38 5.29 9.23 0.08 0.06 0.66 1.79 0.74 1.75 6.66 8.41
Ceratobasidiaceae _unclassified 0.37 0.00 0.38 1.94 0.04 0.43 0.73 0.50 0.84 2.14 12.72 6.96
Helotiales_unclassified 0.63 0.90 0.70 5.93 0.12 0.07 6.59 0.21 0.23 0.10 0.12 0.75
Clonostachys 0.00 0.00 0.06 0.08 0.81 2.25 9.50 7.73 0.01 0.04 0.03 0.15
Tremellomycetes_unclassified 1.39 4.50 2.72 2.90 0.05 0.47 0.46 0.58 0.12 0.20 0.89 0.51
Rozellomycota_unclassified 0.45 5.78 0.85 2.84 0.04 0.05 1.37 0.03 0.06 0.27 0.19 0.29
Ascomycota_unclassified 0.43 1.10 2.97 2.00 0.63 0.68 1.00 1.23 0.38 0.76 0.82 1.29
Glomus 1.00 0.17 5.90 0.23 0.01 0.06 0.11 0.01 0.19 0.54 1.27 1.94
Saccharomycetales_unclassified 0.02 0.00 8.55 0.00 0.00 0.01 0.00 0.04 0.00 0.02 0.00 0.00
Glomeromycota_unclassified 1.15 1.15 0.64 0.63 0.00 0.02 0.00 0.13 0.44 1.22 3.56 3.42
Meyerozyma 0.08 0.05 6.95 0.01 0.01 0.02 0.02 0.05 0.00 0.06 0.10 0.10
Fusicolla 0.00 0.00 0.05 0.00 0.05 0.18 5.69 1.68 0.01 0.00 0.00 0.02
Humicola 0.02 0.02 0.06 0.05 0.01 0.01 0.00 0.00 1.14 5.06 0.16 0.98
Zygoascus 0.06 0.00 5.05 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.03 0.03
Mortierellomycota_unclassified 0.00 0.00 2.73 0.00 0.00 0.01 1.19 0.01 0.01 0.03 0.54 1.06
Lipomyces 0.55 0.40 0.26 3.69 0.04 0.11 0.00 0.14 0.01 0.05 0.00 0.00
Sordariomycetes_unclassified 0.74 0.10 0.99 0.77 0.11 0.18 0.55 0.48 0.12 0.36 2.06 0.87
Solicoccozyma 0.23 1.80 0.40 1.02 0.09 0.05 0.05 0.10 0.41 0.35 1.03 0.76
Auriculariales_unclassified 0.00 0.00 0.00 0.00 0.01 0.12 0.00 1.26 0.13 0.29 3.99 0.36







Appendix C Table 3. (Cont.) 
 
Relative abundance (> 1%) recovered in soil samples at each sampling location, in 2016 and 2017. UA FRS: University of Arkansas 
Fruit Research Station, UA AREC: University of Arkansas Agricultural Research and Extension Center, POST: Post Vineyards and 
Winery. Where the assignment to the genus rank failed, the nearest taxonomic level with assignment was reported. 
SOIL
Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude Faith Gratitude
Corticiaceae _unclassified 0.00 0.16 0.00 4.28 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pezizaceae _unclassified 0.44 0.06 0.00 4.99 0.01 0.00 0.09 0.10 0.00 0.00 1.51 0.00
Nectriaceae _unclassified 0.90 0.16 1.08 0.15 0.05 0.84 0.86 1.63 0.05 0.14 0.42 0.09
Aspergillaceae _unclassified 0.00 0.00 0.18 3.13 0.00 0.00 1.67 0.11 0.00 0.00 0.78 0.91
Pleosporales_unclassified 0.23 0.39 0.15 1.41 0.11 1.06 0.77 1.20 0.03 0.09 0.07 0.25
Sporidiobolaceae _unclassified 1.79 0.14 0.36 0.30 0.18 1.41 0.51 0.22 0.05 0.11 0.00 0.00
Dothideomycetes_unclassified 0.10 0.04 0.24 0.30 0.05 0.51 0.95 1.00 0.01 0.06 1.09 1.09
Zopfiella 0.00 0.00 0.00 0.00 0.11 2.18 0.19 0.16 0.01 0.03 0.45 0.02
Stropharia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.89 0.00 0.00 0.00 0.00
Rhizophagus 0.12 0.02 1.06 0.03 0.02 0.03 0.09 0.36 0.05 0.03 0.01 0.76
Didymella 0.02 0.01 0.01 0.02 0.01 0.06 2.09 0.67 0.00 0.02 0.00 0.00
Chytridiomycota_unclassified 0.00 1.48 0.00 0.02 0.02 0.06 0.23 0.01 0.01 0.00 0.00 0.01
Filobasidium 1.03 0.03 0.00 0.40 0.01 0.04 0.24 0.03 0.01 0.01 0.00 0.00
Dactylonectria 0.01 0.00 0.32 0.08 0.02 0.01 0.09 0.01 0.15 0.02 1.14 0.41
Pezizales_unclassified 0.00 0.00 0.00 1.12 0.00 0.01 0.01 0.40 0.00 0.00 0.00 0.02
Ilyonectria 0.01 0.12 0.15 0.04 0.00 0.01 0.00 0.00 0.31 0.07 0.05 1.24
Acremonium 0.05 0.03 0.12 0.03 0.03 0.30 1.38 0.15 0.01 0.00 0.00 0.00
Hypocreales_unclassified 0.00 0.00 0.03 0.02 0.03 0.07 0.23 0.33 1.02 0.01 0.03 0.04
Lasiosphaeriaceae _unclassified 0.00 0.00 0.01 0.03 0.05 0.13 1.12 0.14 0.01 0.00 0.00 0.00




Appendix D Table 1. Relative abundance (> 1%) of fungi at the genus level recovered in 
muscadine Noble and Vignoles juice at day 0. 
 
 
Relative abundance > 1% recovered in muscadine Noble juice highlighted in red. Where the 
assignment to the genus rank failed, the nearest taxonomic level with assignment was reported.  
Indigenous grape fungal 
communities at a relative 
abundance >1%
NOBLE VIGNOLES






















Appendix D Table 2. Relative abundance (> 1%) of fungi at the genus level recovered in 







NS S10 S20 NS S10 S20 NS S10 S20
Torulaspora 0.0 0.0 0.0 0.0 0.0 0.0 48.6 33.2 31.1
Nectriaceae _unclassified 40.7 32.4 54.4 43.9 42.4 46.5 18.0 31.0 46.2
Saccharomyces 0.0 0.0 0.0 1.4 0.7 0.2 0.0 0.0 0.0
Hanseniaspora 1.0 5.0 1.7 0.5 0.8 1.6 2.2 0.6 0.7
Fungi_unclassified 15.9 12.7 10.9 13.7 14.0 12.0 8.0 9.4 6.2
Zygoascus 1.7 3.8 2.7 2.2 2.4 2.3 1.6 1.8 0.9
Candida 6.3 5.9 3.8 5.6 5.1 4.7 2.9 3.6 2.4
Podosphaera 5.5 5.8 3.3 5.2 5.3 4.6 2.4 2.8 2.2
Uwebraunia 5.2 7.0 4.8 5.1 5.8 5.1 3.6 3.5 1.6
Saccharomycetales_unclassified 2.4 3.3 1.5 1.9 2.2 1.6 1.4 1.3 0.6
Penicillium 1.7 2.6 1.6 1.5 1.6 2.0 1.0 1.6 0.9
Phialemoniopsis 1.7 0.9 1.5 1.3 1.4 1.0 0.5 0.6 0.7
Ascomycota_unclassified 1.1 1.9 1.8 1.3 1.6 1.6 0.7 1.0 0.4
Microbotryomycetes_unclassified 1.2 1.8 0.8 1.0 1.1 1.2 0.9 0.5 0.4
Meyerozyma 1.3 1.2 0.4 1.1 1.1 1.1 0.7 0.5 0.3
Cyberlindnera 1.2 1.0 0.6 1.0 1.0 0.9 0.6 0.5 0.5
Trichosporonaceae _unclassified 1.0 1.0 0.3 0.9 1.0 0.8 0.5 0.7 0.4
Aspergillus 1.1 0.9 0.6 0.7 0.9 1.0 0.4 0.6 0.5
Talaromyces 0.2 0.6 0.4 0.2 0.5 1.2 0.0 0.5 0.0
NOBLE
NS S10 S20 NS S10 S20 NS S10 S20
Torulaspora 0.1 0.1 0.2 0.1 0.3 0.6 98.5 97.4 97.5
Nectriaceae _unclassified 5.3 6.3 4.1 0.9 3.6 6.5 0.4 1.0 0.8
Saccharomyces 7.8 0.6 9.9 97.1 90.1 88.8 0.0 0.0 0.1
Hanseniaspora 77.8 80.3 37.1 0.1 0.1 0.2 0.1 0.1 0.1
Fungi_unclassified 2.1 2.3 1.9 0.4 1.5 1.3 0.2 0.4 0.4
Zygoascus 0.2 2.6 32.5 0.0 0.0 0.0 0.0 0.0 0.0
Candida 0.7 1.1 0.8 0.2 0.9 0.3 0.1 0.2 0.2
Podosphaera 1.5 1.2 1.3 0.3 1.2 0.8 0.2 0.3 0.3
Schizosaccharomyces 0.1 0.0 7.4 0.0 0.0 0.0 0.0 0.0 0.0
DAY 0
DAY 14
none S. cerevisiae T. delbrueckii




Appendix D Table 2. (Cont.) 
 
 
Relative abundance > 1% recovered in muscadine Noble juice/wine highlighted in red. Where 
the assignment to the genus rank failed, the nearest taxonomic level with assignment was 
reported.  
NOBLE
NS S10 S20 NS S10 S20 NS S10 S20
Torulaspora 0.2 0.1 0.1 0.1 0.1 0.1 92.3 89.4 89.4
Nectriaceae _unclassified 40.5 12.2 12.5 54.0 9.9 12.8 5.4 5.1 5.5
Saccharomyces 0.1 3.9 12.7 10.0 83.6 78.8 0.0 0.1 0.1
Hanseniaspora 36.1 70.2 41.6 0.4 0.3 0.2 0.0 0.1 0.1
Fungi_unclassified 6.5 3.6 4.3 9.3 2.0 2.4 0.7 1.6 1.6
Zygoascus 0.9 1.2 14.3 0.7 0.0 0.1 0.1 0.0 0.0
Candida 2.7 1.4 1.9 3.7 0.8 1.2 0.3 1.0 0.7
Podosphaera 1.5 1.2 1.7 3.6 0.6 1.0 0.2 0.7 0.6
Saccharomycetales_unclassified 1.3 0.4 0.9 1.0 0.2 0.4 0.1 0.3 0.2
Phialemoniopsis 1.2 0.3 0.5 1.3 0.4 0.3 0.1 0.1 0.1
Schizosaccharomyces 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0
Trichosporonaceae _unclassified 0.3 0.2 0.2 1.3 0.1 0.1 0.0 0.1 0.1
Sarocladium 0.4 0.1 0.3 1.2 0.1 0.1 0.1 0.1 0.1






Appendix D Table 3. Relative abundance (> 1%) of fungi at the genus level recovered in 
Vignoles juice at day 0, day 14, and day 21 of fermentation. 
VIGNOLES
NS S10 S20 NS S10 S20 NS S10 S20
Nectriaceae _unclassified 45.2 44.8 54.9 42.3 23.8 37.6 7.8 30.8 45.6
Saccharomyces 0.0 0.0 0.0 0.1 48.2 29.3 0.0 0.0 0.0
Torulaspora 0.0 0.1 0.4 0.0 0.0 0.0 59.7 42.6 18.7
Fungi_unclassified 17.6 16.7 14.5 28.7 9.0 10.4 12.0 8.6 12.0
Podosphaera 9.5 8.6 5.9 1.3 3.5 4.9 1.8 4.2 3.3
Candida 3.4 4.9 5.7 0.5 2.5 3.8 0.7 3.4 3.0
Sporidiobolaceae _unclassified 4.7 0.1 0.8 6.6 0.6 0.3 3.4 0.1 1.1
Saccharomycetales_unclassified 0.7 1.2 1.5 1.7 0.5 1.3 0.3 0.7 2.8
Penicillium 0.6 3.3 2.1 0.3 1.7 0.9 0.7 1.1 0.5
Phialemoniopsis 1.4 1.3 1.7 2.0 1.0 1.2 0.6 1.0 1.1
Meyerozyma 1.6 3.7 0.7 0.3 0.6 0.8 0.3 0.6 1.1
Aspergillus 0.5 1.0 1.1 0.2 0.6 0.5 0.3 0.6 0.5
Trichosporonaceae _unclassified 0.4 0.6 0.6 0.3 0.4 0.6 0.2 0.5 1.7
Tremellales_unclassified 0.1 0.3 0.3 2.6 0.5 0.6 2.5 0.0 0.4
Microbotryomycetes_unclassified 0.2 0.1 0.2 1.6 0.4 0.1 0.0 0.1 0.0
Filobasidium 2.4 0.1 0.2 1.2 0.1 0.1 1.3 0.1 0.9
Talaromyces 0.0 2.1 1.3 0.0 1.2 0.5 0.0 0.9 0.0
Trichoderma 0.8 2.6 0.5 0.1 0.5 0.5 0.2 0.5 0.6
Cyberlindnera 0.7 1.1 0.9 0.0 0.5 0.8 0.0 0.6 0.5
Hannaella 0.3 0.4 0.8 0.1 0.3 0.6 1.2 0.2 0.9
Mortierellales_unclassified 1.5 0.2 0.5 1.1 0.0 0.0 0.0 0.0 0.3
Ascomycota_unclassified 0.4 1.4 0.3 0.2 0.3 0.3 0.6 0.2 0.3
Didymella 0.2 0.1 0.2 0.3 0.0 0.1 1.2 0.0 0.1
Papiliotrema 0.4 0.0 0.1 1.0 0.1 0.1 0.0 0.0 0.0
VIGNOLES
NS S10 S20 NS S10 S20 NS S10 S20
Nectriaceae _unclassified 5.8 7.2 2.1 6.9 7.6 5.6 0.8 2.0 3.8
Saccharomyces 23.0 35.5 93.2 84.7 86.3 86.5 0.8 0.5 74.1
Torulaspora 0.3 0.6 0.2 0.2 0.3 0.0 96.3 95.8 16.1
Fungi_unclassified 3.1 2.3 1.1 2.3 2.2 2.4 0.5 0.5 1.8
Hanseniaspora 56.8 45.8 0.0 0.2 0.0 0.0 0.5 0.1 0.1
Podosphaera 1.7 1.3 0.3 0.9 0.3 1.1 0.2 0.1 0.9
Candida 1.6 1.1 0.6 1.0 0.4 1.0 0.2 0.1 0.6
Lachancea 2.4 0.5 0.0 0.1 0.0 0.0 0.1 0.1 0.0
DAY 0
none S. cerevisiae T. delbrueckii
DAY 14




Appendix D Table 3. (Cont.) 
 
 
Relative abundance > 1% recovered in Vignoles juice/wine highlighted in red. Where the 
assignment to the genus rank failed, the nearest taxonomic level with assignment was reported. 
VIGNOLES
NS S10 S20 NS S10 S20 NS S10 S20
Nectriaceae _unclassified 20.4 23.9 51.1 25.8 41.2 53.7 22.0 31.6 50.0
Saccharomyces 24.1 16.3 3.7 35.1 21.2 1.7 0.3 0.1 4.3
Torulaspora 0.7 0.2 0.6 0.3 0.4 0.1 62.4 51.9 17.6
Fungi_unclassified 4.3 10.4 14.1 20.7 16.1 15.5 6.3 5.4 8.3
Hanseniaspora 40.6 30.8 0.8 0.7 0.3 0.1 0.2 0.0 0.1
Podosphaera 0.4 1.4 2.1 0.4 2.9 2.2 1.0 1.7 2.6
Candida 0.5 1.8 4.3 1.4 3.1 2.5 1.1 1.9 2.3
Sporidiobolaceae _unclassified 0.4 5.8 3.3 4.7 1.4 7.4 0.6 0.1 1.5
Saccharomycetales_unclassified 0.1 0.1 1.5 0.1 1.1 0.6 1.3 0.9 0.6
Penicillium 0.3 0.9 0.4 0.3 2.1 0.5 0.1 0.5 0.3
Phialemoniopsis 0.9 0.2 1.5 0.1 0.8 1.0 0.1 0.4 0.9
Meyerozyma 0.5 1.3 0.7 0.3 1.1 0.2 0.0 0.3 0.4
Aspergillus 0.1 0.3 2.7 0.3 1.2 0.8 0.0 0.3 0.5
Trichosporonaceae _unclassified 0.0 0.0 0.8 0.0 0.6 0.1 0.0 1.2 1.4
Microbotryomycetes_unclassified 0.2 0.0 0.7 3.3 0.1 1.0 2.0 0.1 0.2
Filobasidium 0.0 0.5 0.5 0.7 0.0 1.4 0.1 0.0 0.7
Lachancea 3.5 1.0 0.1 0.3 0.0 0.1 0.4 0.1 0.1
Uwebraunia 0.1 0.0 1.6 0.7 0.0 0.3 0.0 0.1 0.0
Trigonopsis 0.5 0.0 0.1 0.2 0.7 1.5 0.1 0.2 0.2
Didymella 0.0 1.3 1.0 0.0 0.1 0.1 0.0 0.0 0.5
Pleosporales_unclassified 0.0 0.0 0.0 0.3 0.3 1.2 0.1 0.0 0.2
Zygoascus 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.6
Naganishia 0.0 0.0 0.1 1.0 0.0 0.0 0.0 0.3 0.0
DAY 21









Appendix Figure 1. Temperature and rain at the University of Arkansas Fruit Research Station (UA FRS) Clarksville, AR, in 
2016 and 2017. 
Typical bloom dates in Arkansas are April to May for wine grapes, but table grapes bloom earlier and muscadine grapes bloom later. 
Table grapes were harvested late July/early August, wine grapes were harvested in August/September, muscadine grapes were 
harvested in September. 
 
 
